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Reinstallation of a jack-up unit close to existing footprints left by previous spudcan 
penetration can be problematic. Instead of purely vertical loading as in normal installation, 
the spudcan footing is subjected to eccentric and inclined loading arising from the 
combined effect of seabed depression and soil shear strength variation. From industry 
statistics on jack-up foundation problems, spudcan-footprint interaction is the second most 
frequent incidents after punch-through. The number of incidents related to spudcan-
footprint interaction is increasing as compared to the declining trend of incidents related to 
punch-through.  
Previous studies primarily focused on footprint avoidance by studying the induced 
horizontal force and bending moment on the spudcan at various positions away from the 
footprint. However, avoidance as specified by industry guideline SNAME (2008) is often 
unattainable in practice due to geometrical constraints in positioning the jack-up rigs with 
respect to the existing well head platform. Therefore, this study investigated potential 
mitigation measures that are effective in alleviating spudcan-footprint interaction 
problems. Rational guidelines in dealing with footprint issues are proposed so that risks 
associated with jack-up revisiting could be minimised. 
In this study, geotechnical centrifuge modelling was adopted to perform a large number of 
experiments. The first part of the study investigated the spudcan generic reinstallation 
response at various offsets in both normally consolidated clay and over consolidated clay. 
Footprint was created inflight by penetrating and extracting the model spudcan. Afterward, 
the same spudcan was reinstalled close to footprint with forces induced on the spudcan. 
Two different mechanisms were observed from these model tests. For normally 
consolidated soft clay, soil shear strength variation governs the behaviour of reinstalled 
spudcan. Peak forces occurred at greater penetration depth in soft clay. In contrast, for over 
consolidated stiff clay, the footprint seabed depression controls the reinstalled spudcan 
response with peak forces occurred at shallow penetration depth.  
In the second part of the study, mitigation measures by means of seabed modification and 
footing modification were investigated. Seabed modification techniques such as stomping, 
reaming and infilling were studied and the effectiveness evaluated. Stomping is the most 
viii 
promising remediation technique among others with significant reduction in induced 
horizontal force and bending moment. For stomping to be effective, appropriate strategy is 
needed, either by performing single stomping or double stomping before spudcan 
reinstallation at target location. Based on the experimental findings, recommendations on 
stomping strategy are proposed. 
Reaming is found to be moderately effective in both soft and stiff clay provided that small 
stroke of leg reciprocation is adopted. Infilling the footprint with sand material is however 
effective only in reducing induced bending moment, but not horizontal force. This is 
because infilling only eliminates the effect of seabed depression but not the highly variable 
soil strength beneath and around the footprint. 
Footing modification as a mitigation measure was also considered by adding skirt around 
the periphery of the footing. The notion that skirted footing is effective in mitigating 
spudcan-footprint interaction is not proven in soft clay. It is found that the induced 
horizontal force and bending moment for skirted footing were comparable with that of 
generic spudcan reinstallation. Any advantage of using skirted footing diminishes the 
moment the skirted compartment is completely filled with soil. Skirted footing is however 
effective in reducing horizontal force for reinstallation in stiff clay, particularly at the 
touch down level, but not so significant for reducing bending moment. This indicates that 
sliding towards footprints would be minimised in stiff clay by using skirted footing. 
Spudcan-footprint interaction in sand was also investigated. Spudcan penetration in sand is 
usually shallow with full bearing contact rarely takes place. Footprint geometry therefore 
governs the spudcan reinstallation with large horizontal force and bending moment 
induced on the spudcan. 
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CHAPTER 1 INTRODUCTION 
1.1 Jack-Up Unit 
Explorations for offshore hydrocarbon in water depths up to 150 m are commonly 
undertaken using jack-up units (Figure 1.1). Owing to their mobility and cost-
effectiveness, jack-up rigs are also commissioned to drill additional wells, enhance 
hydrocarbon production and work over on existing well head platform. Jack-up units are 
self-elevating mobile platforms consisting of three main components; namely, floatable 
hull, three independent truss-work legs supported on footings, and drilling/support 
equipment (Figure 1.2). The hull is a watertight steel structure that houses equipment, 
facilities and personnel, as well as providing buoyancy during transportation. The legs and 
footings are steel structures used for supporting the rig during elevated mode. Majority of 
modern jack-up rigs uses trussed legs with chord and brace steel members instead of 
cylindrical hollow steel tube legs. The truss legs are retractable by means of sophisticated 
jacking system, typically a rack and pinion system, for lifting and lowering the hull 
(BASS-OTD, 2005).  
The legs are resting on footings installed on or beneath the seabed to provide overall 
stability against the jack-up own operational weight as well as against anticipated 
environmental loads. Two types of footings are typically used: combined mudmat footing 
and individual spudcan footing. This thesis concerns with the latter type. Spudcan footing 
can take many forms of shape (McClelland et al., 1981 and Reardon, 1986). Most modern 
footings are in polygonal plane shape with inverted conical structure underside. The 
equivalent diameter of spudcan ranges from 10 – 25 m. Beneath the conical shape footing, 
a protruding spigot is used as an aid in initial seabed positioning. Over the years, the 
shapes of spudcan have evolved from small diameter circular flat footing to modern large 
polygonal shape with inverted conical structure underside (McClelland et al., 1981). 
Accordingly, bearing pressure exerted beneath the spudcan footing increases over the 
years, with modern rigs exerting pressure around 300 – 500 kPa (e.g. Young et al., 1984; 
Menzies and Roper, 2008; Hossain et al., 2014). The installation depth can be as shallow 
as one to two metres in dense sand to as deep as two to three times spudcan diameter in 
soft clay (Endley et al., 1981; Craig and Chua, 1990).  
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Typical operation of a jack-up unit involves four stages as illustrated in Figure 1.3. First, 
the rig is towed and positioned at a site by means of tug boats. Second, the legs and 
footings are lightly pinned into the seabed and then followed by preloading by pumping 
sea water into ballast tanks inside the hull. This process of preloading is crucial to ensure a 
sufficient margin of safety (typically 1.5~2.0) against assessment load case under 
operating condition. Third, the rig is ready for operation, normally by lifting the hull to its 
operational air gap based on environmental constraints, typically 12~15 m above mean sea 
level. Depending on work requirement, the operational period for a jack-up unit to be 
stationary at one site can be as little as several days to as long as several years. After 
completing the works, the rig is decommissioned by removing the spudcan footings from 
the seabed. After this sequence of removal, large footprints are typically left behind. 
1.2 Problems Associated with Footprints 
Throughout the production life of a well head platform, drilling of additional wells are 
needed to enhance the hydrocarbon production or work over on existing wells may be 
required. For these reasons, a jack-up rig is often employed to perform the task. Owing to 
jack-up rig mobility, the rig is also used as a supporting unit to provide additional facilities 
of housing to the platform. Depending on the platform production and work requirements, 
jack-up rig may again be required. In many cases a different jack-up rig with different 
design, capability and size of spudcan footing may be deployed. During reinstallation of 
jack-up rig, the presence of footprints left by the previous jack-up rig could be problematic 
because of seabed depression (footprint geometry) and soil shear strength heterogeneity. 
Osborne (2005) reported a survey on incidents related to geotechnical aspects of jack-up 
units. The trend shown in Figure 1.4 suggests that there is an increasing trend of incidents 
related to spudcan-footprint interaction and scour from the period 1979-1988 to that of 
1996-2005. Interestingly, though not the focus of this thesis, there appears to be declining 
trend of incidents related to punch-through. However, owing to a large number of jack-up 
units deployment worldwide, it would further suggest that there might also be an increase 
in the number of incidents. Nevertheless, because of this emerging concern faced by 
offshore oil and gas industry, there has been a growing interest in conducting research 
related to spudcan-footprint interaction problem, initiated both by industry as well as 
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academics, notably the joint industry research managed by Global Maritime and Fugro 
initiated in 2002 and concluded in 2007 (GM-Fugro, 2003, 2004, 2007). 
Figure 1.5 illustrates a scenario of jack-up rig to be installed next to existing footprints. In 
the case of virgin seabed with even surface, the spudcan footing will penetrate vertically 
without problem (except in the case of punch-through hazard). However, in the case of 
existing footprints being present from pre-occupation, the spudcan will tend to slide 
towards the footprint because of inclined and eccentric ground reaction arising from 
seabed depression and soil heterogeneity in the vicinity of footprint. Most importantly, 
owing to the tendency of sliding towards the footprint, detrimental horizontal force and 
bending moment would also develop at the footing level and then transfer to the leg-hull 
connection. These forces can cause structural distress and consequently severe damage to 
the legs if any induced force exceeds the structural carrying capacity of the steel truss 
members (Stonor et al., 2004). Excessive sliding can also result in unsatisfactory 
positioning of the jack-up unit with respect to the well head platform; or in a worse 
scenario, a collision with the platform.  
1.3 Mitigation Measures for Spudcan-Footprint Interaction 
Avoidance is the most effective measure to minimise spudcan-footprint interaction. 
Stewart and Finnie (2001) observed negligible horizontal force and bending moment if the 
spudcan footing is positioned at a centre-to-centre distance of two spudcan diameters from 
the footprint. Based on this finding, the industry guidelines, Society of Naval Architects 
and Marine Engineers, SNAME (2008), and later International Organization for 
Standardization, ISO (2012), recommended that the safe reinstallation position to minimise 
spudcan-footprint interaction is at least one spudcan diameter clearance between the edge 
of the spudcan to the edge of the footprint (i.e., two diameter centre-to-centre). Other than 
avoidance, the industry guidelines do not address other possible mitigation measures to 
alleviate the problem of spudcan-footprint interaction. 
Avoidance as recommended by SNAME (2008) is however not always possible in many 
situations in the field. This is due to geometry constraints in positioning the jack-up unit 
heading with respect to the well head platform; or also because of limited length of the 
cantilever drilling rig in reaching the existing platform. A joint industry project managed 
by GM-Fugro (2003) reported that out of 137 collected datasets pertaining to mitigation 
Chapter 1 Introduction 
1-4 
measures for spudcan-footprint interaction implemented, only 21 cases (i.e. 15%) were 
possible to achieve avoidance of footprints. The rest (85%) were installed by various 
mitigation measures as shown in Figure 1.6. 
As displayed in Figure 1.6, GM-Fugro (2003) established from industry survey that 
working the legs or reaming (sometimes termed also as leg reciprocation) is the most 
commonly adopted marine procedure followed by avoidance, jetting/soil softening, 
stomping and infilling. Methods such as ‘Swiss cheesing’, spudcan ploughing, uphill and 
downhill procedure and seabed excavation are categorised as others. It is interesting to 
note that working the legs/reaming appears to be the preferred method in Gulf of Mexico 
and India where the soil is typically very soft clay. On the other hand, stomping technique 
appears to be the preferred method in North Sea where stiff clay and dense sand are 
encountered. It also appears that there are inconsistencies in the industry regarding the 
terminologies “leg working or reaming” and “stomping” (GM-Fugro, 2003; Hunt and 
Marsh, 2004). Nonetheless, published information related to these mitigation measures is 
still scant and not readily available. Therefore, objective and rational evaluation 
concerning the efficacy of the above mentioned measures cannot be made. It appears that 
empiricism and past experiences still play an important role in deciding which mitigation 
measures should be adopted.  
1.4 Research Objectives 
Full scale tests investigating the efficacy of mitigation measures shown in Figure 1.6 are 
difficult (or not possible). Furthermore, the only control available on board in ensuring the 
effectiveness of a particular measure is by monitoring the jack-up leg distortion by mean 
of Rack Phase Difference (RPD) monitoring (Foo et al., 2003; Dier et al., 2004, Stonor et 
al., 2004) together with observation of jack-up rig movement towards existing well head 
platform. Furthermore, installation data of jack-up rigs typically remain confidential in 
many offshore projects. Therefore, few published information or case histories related to 
spudcan-footprint interaction are available. 
Research by means of centrifuge model tests was therefore undertaken in this PhD project. 
Primary objectives of this research were: 
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1. To establish reference test results for generic reinstallation of spudcan (or 
avoidance) near to existing footprint. Both soft clay and stiff clay were 
investigated. 
2. To investigate the efficacy of stomping as mitigation measure in both soft clay and 
stiff clay. Effectiveness of stomping is evaluated by comparing the induced forces 
of spudcan reinstallation with those results from reference tests. 
3. To investigate the efficacy of reaming technique and skirted flat footing in 
alleviating spudcan-footprint interaction problem. Furthermore, model tests for 
infilling were also performed. 
4. To provide recommendations on how the mitigation measures should be executed 
in the field when dealing with spudcan-footprint interaction. 
1.5 Thesis Outline 
The outline of this thesis is detailed below: 
Chapter 2 reviews literature pertaining to existing research studies on spudcan-footprint 
interaction. Important variables influencing the response of spudcan footing during jack-up 
reinstallation close to existing footprint are elaborated. Several potential mitigation 
measures in dealing with problematic spudcan-footprint interaction are detailed. Current 
research gaps deducing from the literature review is then formulated. 
Chapter 3 presents experiment setup, procedure and testing program conducted in the 
beam centrifuge facility at the National University of Singapore (NUS). Model leg, 
spudcan and skirted footing are described. Results from soil element testing in 
characterising the properties of Kaolin clay used in this research are also reported.  
Chapter 4 details model test results for generic reinstallation of spudcan and also results 
for reinstallation adopting stomping mitigation measures in both soft clay and stiff clay. 
Results from spudcan footing reinstalled generically at various offsets from 0.25D to 
1.50D are first presented. Comparisons of these reference test results with stomping are 
then evaluated to establish the efficacy of stomping. 
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Chapter 5 reports model test results from spudcan reinstallation employing reaming 
measure. A series of test results investigating different stroke amplitude during leg 
reciprocation in reinstalling spudcan overlapping a footprint is described.  
Chapter 6 presents skirted flat footing as possible mitigation measure for spudcan-footprint 
interaction. Results from model tests for skirted footing at offsets ranging from 0.25D to 
1.0D in both soft clay and stiff clay are compared with those responses from generic 
reinstallation using spudcan. The notion of skirted footing as an effective mitigation 
measure is challenged in the light of evidence from model tests. 
Chapter 7 summarises the main findings from this research and proposes recommendations 
in dealing with spudcan-footprint interaction. Recommendations on further research 
studies are also presented.  
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Figure ‎1.1: Mobile Jack-Up Unit ENSCO-104 in Operation Close to Existing Well Head 
Platform (Courtesy of Keppel Offshore and Marine Ltd) 
 
  
Figure ‎1.2: Typical Jack-Up Unit Structure (after Reardon, 1986) 
 
Courtesy of Keppel Offshore & Marine Pte Ltd 




Figure ‎1.3: Sequences of Typical Operation of Jack-Up Unit 
 
 
Figure ‎1.4: Statistics of Spudcan Foundation Problems (after Osborne, 2005) 
(a) Towing to site (b) Installation and preloading
(c) Operation (d) Removal
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Figure ‎1.5: Illustration of Spudcan-Footprint Interaction Problem (V= Vertical Force, H = 
Horizontal Force and M = Bending Moment) 
 
 
Figure ‎1.6: Statistics of Mitigation Measures Implemented Offshore for Spudcan-Footprint 
Interaction Problems (after GM-Fugro, 2003) 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Introduction 
Reinstallation of jack-up unit close to existing footprint is problematic. Instead of solely 
vertical penetration into the seabed as in the case of virgin seabed, the spudcan footing 
tends to slide into the footprint because of seabed depression and soil heterogeneity. Over 
the past 15 years, there has been a growing interest on the study of spudcan-footprint 
interaction problem. This chapter presents detailed discussion on important works in this 
subject.  
Seabed depression and soil heterogeneity which characterise the responses of spudcan 
during reinstallation are first explained in Section 2.2. The parameters influencing the 
behaviour of spudcan footing during reinstallation close to footprint are elaborated in 
Section 2.3. Important parameters such as offset distance between spudcan and footprint, 
spudcan diameter, footprint geometry, leg bending rigidity, leg-hull system stiffness, and 
hybrid modelling are discussed. Centrifuge modelling was mainly used to investigate the 
aforementioned parameters. Mitigation measures proposed by the industry in alleviating 
the problematic reinstallation of jack-up unit are detailed in Section 2.4. Finally, 
concluding remarks and research gaps are drawn in Section 2.5. 
2.2 Characteristics of Footprint  
Footprint is a by-product of previous jack-up operation (Figure 1.3). Penetrating and 
extracting spudcan footing forms a large diameter crater on seabed surface (Figure 1.3d). 
This seabed depression is however insufficient in characterising the complex feature of 
footprint (Gan, 2009). Soil shear strength variation also exists in the vicinity of footprint 
with remoulded shear strength at the initial installation location and then gradually 
transforms to intact soil with undisturbed shear strength at location further away from the 
footprint centre. Therefore, the terminology “footprint” in this thesis associates with two 
important characteristics: (1) changes in seabed geometry (footprint geometry) and (2) 
changes in soil shear strength vertically and laterally (soil heterogeneity), as reported in 
Gan (2009). This definition of footprint is important as to distinguish footprint from 
sloping ground or merely uneven seabed in plan view. It should be noted that footprint is 
also called “pug mark” or “pock mark” in the offshore industry. 
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2.2.1 Footprint Geometry 
Published literature reporting on footprint formed offshore is limited. Even though it is 
common to conduct geophysical survey as part of a site-specific assessment before 
deployment of mobile jack-up rig, an accurate profiling of cross sectional dimensions of 
footprint remains a challenge. Rapoport and Young (1987) reported a case history from 
Gulf of Mexico involving footprints left by a jack-up unit with 12.2 m (40 ft) diameter 
spudcans and 21.3 m (70 ft) penetration depth. The footprints were analysed using side-
scan sonar records and found to be 3 m (10 ft) deep with a diameter at seafloor equivalent 
to 2 spudcan diameters. The soil profile in Gulf of Mexico is usually normally-
consolidated (NC) clay with undrained shear strength profile linearly increasing with 
depth.  
Stewart and Finnie (2001) described that footprints formed in clay in Southeast Asia 
offshore can be more than 10 m wide and deep. However, no information regarding 
spudcan diameter and penetration depth was provided. In connection to footprint 
geometry, Jardine et al. (2001) also reported a 5 m deep footprint crater in North Sea but 
measurements regarding footprint width were not available. The footprints were left by a 
previous jack-up operation using Friede & Goldman (F&G) L780 Mod VI class unit with 
equivalent spudcan diameter, D, of 18.2 m. The footprint crater depth, zc, can be expressed 
in a normalisation form as zc/D. As such, the  normalised footprint depths for Jardine et al. 
(2001) and Rapoport and Young (1987) are 0.25 and 0.27, respectively. 
Teh et al. (2010) reported an interesting case history involving a jack-up rig revisiting a 
site in offshore Southeast Asia that previously occupied by other jack-up rigs (Figure 2.1).  
In 2009, a MSC-CJ50 design jack-up rig with spudcan diameter of 13.4 m was deployed to 
drill additional wells for an existing well head platform. The site however has been 
previously visited on two occasions by Levingston III C design jack-up rig with 14.6 m 
spudcan diameter in 2005 and 2006. In 2009, only a quick survey using remotely operated 
vehicle (ROV) was conducted. Seabed depressions measured 3.5 m deep (zc/D = 0.24) and 
15 m diameter were found. In summary, the depths of footprint crater reported from the 
above case histories falls within 0.24D to 0.27D with measured width 1.2D to 2.0D.  
In attempts to better quantify cross-sectional dimensions of footprint geometry, centrifuge 
modelling is used to simulate the footprint formation (Stewart and Finnie, 2001; Cassidy et 
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al., 2009; Gan, 2009). A footprint was created by penetrating and extracting a model 
spudcan footing into and from the seabed under high gravity level, hence simulating 
realistic mechanisms of soil backfill. After inflight formation of footprint, the geometry 
was measured using laser scanning. The following reports various centrifuge studies in 
terms of prototype scale, unless otherwise stated. 
Steward and Finnie (2001) reported that the footprint in their experiment was 2.5 m deep 
and 25 m wide. The crater was of inverted conical shape with a relatively gentle slope 
angle. In their experiment, the spudcan footing was 12 m in prototype and penetrated 14 m 
depth into over consolidated clay. Therefore, the normalised footprint depth zc/D = 0.21 
and normalised footprint width wc/D = 2.1.  
Using centrifuge modelling, Cassidy et al. (2009) studied the effects of preloading level on 
the footprint geometry. A model spudcan simulating Mod V “A” class jack-up unit with 
spudcan equivalent diameter of 18.2 m was used. The model spudcan was penetrated into a 
normally-consolidated clay with target preload of 40MN, 60MN and 80MN. These preload 
levels corresponded to maximum bearing pressures of 154 kPa, 231 kPa and 308 kPa 
respectively. These preload pressures were attained at maximum penetration depths of 
0.16D, 0.31D and 0.46D, respectively. Figure 2.2 shows the profiles of footprint geometry 
obtained from laser scanning. The crater depth increased from about 0.8 m (zc/D = 0.04) 
depth for 40 MN preload to about 1.5 m (zc/D = 0.08) depth for both 60 MN and 80 MN. 
The footprint width at the seafloor was about 30 m (wc/D = 1.64) for all cases. Compare 
with previous reported footprint geometry, the normalised crater depths from Cassidy et al. 
(2009) are much shallower. 
Gan (2009) also investigated footprint geometry using centrifuge model tests for three 
different soil shear strength profiles (Table 2.1) in over-consolidated clay. A prototype 
spudcan footing of 10 m diameter was simulated. The footprint crater depth ranged from 
2.0 m to 2.3 m, resulting in crater depths of 0.20D to 0.23D. Furthermore, the measured 
footprint width ranged from 1.0D to 2.0D, with the lowest shear strength profile having the 
largest footprint width. These observations however are consistent with the reported case 
histories.  
Table 2.1 summarises the reported footprint geometry from both case histories and 
centrifuge modelling. Two conclusions can be drawn: (1) footprint crater depth is limited 
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to 0.2D – 0.3D for spudcan penetration-extraction in soft  as well as stiff clay and, (2) 
footprint width is a function of soil shear strength with soft clay having wider footprint (~ 
2D) and stiff clay having narrower footprint (~ 1D). 
2.2.2 Soil Heterogeneity 
Penetration of spudcan into seabed involves large movement of soil volume, particularly in 
clay soil where undrained condition prevails. As the spudcan footing is penetrated into the 
seabed, soil is displaced vertically and laterally around the spudcan. The failure 
mechanisms for penetrating spudcan in the soil evolve from cavity formation and surface 
heave at shallow penetration depth. This is then transformed to backflow of soil over the 
spudcan to fully localized flow around the embedded spudcan at deep penetration depth 
accompanied by stable cavity depth at seafloor (Hossain et al., 2006; Hossain and 
Randolph, 2009).  
Upon achieving the desired preload level, the load is reduced to the working load level. 
The jack-up unit remains in operation mode from as little as several days to as long as 
several years (Purwana, 2007). At decommissioning, the spudcan is extracted from the 
seabed. The failure mechanisms during spudcan extraction initially involve a breakout 
failure between the spudcan base and the soil (Purwana et al., 2005). This breakout force is 
also termed as maximum uplift resistance. After breakout failure occurs at about 0.15D 
vertical upward displacement, the spudcan is then separated from the soil below. As the 
spudcan is further extracted, reverse soil backflow from top of spudcan to the bottom is 
continuously observed until complete extraction from seabed (Purwana, 2007).  
The process of spudcan penetration and extraction described above changes the soil state 
from intact shear strength to remoulded shear strength. Fully remoulded shear strength is 
expected at the centre of spudcan penetration extraction and then gradually transforming to 
intact shear strength at location further away from the footprint. This zone of soil 
heterogeneity, in addition to footprint geometry, is what cause spudcan-footprint 
interaction to be severe at greater depth. 
From the same case history reported by Rapoport and Young (1987) presented in Section 
2.2.1, soil borings were drilled in the footprint left by previous jack-up and outside the 
footprint in undisturbed soil. Results from undrained shear strength measurements are 
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plotted in Figure 2.3, clearly showing significantly lower shear strength as compared to 
undisturbed soil. Only after penetration depth of 19.0 m, the shear strength in footprint 
gradually approached the strength of undisturbed soil. This depth was generally consistent 
with the maximum initial penetration depth of 21.3 m. However, there was no mention on 
the occurred elapsed time between the footprint formation and the soil borings. The 
remoulded soil could have regained some strength as the soil reconsolidated. Nonetheless, 
this evidence from field investigation reveals the vast difference in soil shear strength in 
the vicinity of footprint. Reinstallation of spudcan at this location would be problematic 
due to non-uniform bearing resistance. 
Chan et al. (2008) reported an interesting case history of jack-up rig installation in Belida 
Field, Natuna Sea, Indonesia. As the reported case history (Belida A) concerned with 
punch-through risk; comprehensive site investigation was conducted prior to jack-up 
emplacement in 2007. However, the location has been previously visited by other rigs in 
1992, 1996 and 2004. In 2007, comprehensive site investigation comprising soil borings, 
Cone Penetration Tests (CPT) and soil lab tests was performed. One soil boring (BHP) and 
two CPTs (SC and BC) were conducted at the centre of footprints left by previous jack-up, 
to measure the disturbed soil properties. One boring (BHC) and one CPT (CC) were 
carried out at virgin soil. One other soil boring (BHS) was drilled at transition zone 
between footprint (disturbed soil) and virgin soil. Figure 2.4 shows the soil investigation 
plan at Belida A location together with the geophysical survey showing the footprints 
contour. Results from soil borings and CPTs are presented in Figure 2.5, clearly revealing 
the distinct difference in cone resistances between remoulded soil at footprint centres (SC 
and BC) and virgin soil (CC). 
Another case history in offshore Southeast Asia was also reported by Teh et al. (2010) as 
presented earlier. Prior to jack-up reinstallation close to existing footprints, site 
investigation consisting of three soil borings was carried out. The locations of soil boring 
corresponded to the three locations of spudcan, Bow (B3), Starboard (SB3) and Port (P3) 
legs. The locations of B3 and P3 were quite a distance from the footprint, hence, 
considered as virgin soils. Soil boring SB3 was at about 1D centre-to-centre offset distance 
from the existing footprint, representing the location affected by previous jack-up 
activities. The undrained shear strength measurements revealed lower strength at SB3 as 
compared to the other two locations. 
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Soil investigations from case histories presented above can only reveal accurate soil 
properties at a particular distinct location of probing. Remoulded soil at the centre of the 
footprint gradually transforms to virgin soil with undisturbed soil shear strength, forming 
an influence zone of soil heterogeneity. This spatial variation of soil strength in the vicinity 
of footprint is not possible (or not practical) to be established from limited offshore soil 
borings due to high costs in conducting such investigation. Visual appreciation of spatial 
variation in soil shear strength is however important to better understand the severity of 
spudcan-footprint interaction with offset distance and also with penetration depth. Such 
investigation was done using centrifuge model tests by Leung et al. (2007), Gan (2009) 
and Gan et al. (2012).  
Using ultra small ball (spherical) full-flow penetrometer (Lee, 2009) in model tests, Gan et 
al. (2012) profiled the highly variable soil shear strength contours in the vicinity of 
footprint. The footprint was formed inflight by penetrating and extracting spudcan footing. 
Afterwards, insitu tests were then carried out at systematic locations with 0.25D offset 
interval from the centre of the footprint (0D offset) to location further away from the 
footprint at 1.5D. As such, contours of soil heterogeneity can be established as depicted in 
Figures 2.6 and 2.7 for both normally-consolidated (NC) clay and over-consolidated (OC) 
clay. The contours represent normalised undrained soil shear strength (Rsu) between 
disturbed soil and undisturbed soil. Also in the plots, horizontal axis represents offset 
distance () measured from the centre of footprint and vertical axis corresponds to 
normalised depth between penetration below seabed (z) against spudcan diameter (D).  
Two types of soil stress history were used in Gan et al. (2012) study, NC clay with 
undrained shear strength profile su = 1.15z kPa and OC clay with undrained strength 
profile su = 5 + 1.8z kPa, where z is the depth below mudline in meter. Furthermore, two 
cases of operational period (OP) were simulated, immediate extraction with no holding 
time (i.e., 0 year, denoted as OP0) and 2 years holding period (denoted as OP2). Two cases 
of elapsed time (ET) were also simulated, 1 year and 100 years. Elapsed time (ET) is an 
idle period between the formation of footprint and reinstallation of spudcan. During this 
ET, the remoulded soil consolidates and regains strength.  
Figure 2.6a shows the contours of soil heterogeneity in NC clay with 0 year operational 
period (OP0) and 1 year elapsed time (ET1), simulating a case of immediate extraction 
followed by immediate reinstallation. It is evident that the crater depth is about 0.2D depth 
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with trough resembling an inverted conical shape with outer radius of about 1.5D. This 
observation of footprint geometry is consistent with the previous reported case histories 
(Section 2.2.1). From the Rsu contours, it can be seen the top soil up to about 0.5D depth is 
highly disturbed. The disturbance zone at this depth extends to about 1.5D. Beyond 0.5D 
penetration depth, the disturbed zone is constrained to about 0.75D radius until the depth 
of maximum penetration. It can also be seen that there is a transition zone between 0.25D 
and 0.75D radius, of which the soil gradually changes from fully remoulded state to intact 
state. Consequently, this highly variable soil will cause severe spudcan-footprint 
interaction if the reinstalled spudcan footing partially overlaps the footprint. 
Similar to NC soil heterogeneity contours, Figure 2.7a also presents identical set of 
contours for OC clay with OP0 and ET1. As can be seen, the footprint geometry resembles 
that of NC case. However, in contrary to NC clay, the changes in shear strength from the 
centre of footprint are more gradually radiated. At greater depth, the soil heterogeneity 
radiates to about 1.25D before encounters undisturbed soil. The influence zone in OC clay 
is therefore wider than that of NC clay, which only constrained up to 0.75D radius. As a 
result, spudcan footprint interaction in OC clay could still be substantial at offset distance 
up to about 1.25D. 
In both clays, the effect of footprint is not felt at offset distance beyond 1.5D measured 
from the footprint centre. The undrained shear strength profiled using ball penetrometer 
shows that at 1.5D offset the strength agrees remarkably well with that of undisturbed 
strength. Similar observation is also reported by Cassidy et al. (2009). Therefore, it can be 
expected that spudcan-footprint interaction at 1.5D offset and beyond is insignificant. 
2.2.3 Effect of Operational Time and Elapsed Time 
As the time elapses between the formation of footprint and the repenetration of spudcan, 
the remoulded soil consolidates and regains strength. Such simulation of elapsed time is 
also reported in Figures 2.6 and 2.7 for NC and OC clay, respectively. An extreme case of 
100 years elapsed time was considered by Gan et al. (2012). In their model tests, 100 years 
elapsed time in prototype scale corresponds to 21.9 hours model scale at 200g. Immediate 
cases between 1 year and 100 year of ET were not available. 
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From Figures 2.6b and 2.7b concerning the case of OP0 and ET100 in both clays, it is 
evident that the remoulded soil regains strength. Substantial changes in shear strength are 
recorded in NC clay rather than OC clay. It can be seen that the normalised shear strength 
across the spatial domain of footprint in NC clay exceeds one, implying that the undrained 
shear strength after consolidation is higher than the initial strength. This behaviour is not 
unusual giving that normally consolidated clay could creep substantially over very long 
elapsed time. A layer of thin crust is formed beneath the maximum depth of initial 
installation. Either with 1 year or 100 years elapsed time, it is observed that the spatial 
domain of soil heterogeneity in NC clay remains unchanged, with highly soil variation 
constrained within 0.75D radius. 
Contrary to NC clay, after 100 years elapsed time, the soil in OC clay cannot fully regain 
its initial strength as evident from Figure 2.7b. The spatial domain of soil heterogeneity 
however changes from wider radius of 1.25D in ET1 to narrow radius of 0.75D in ET100. 
A thin layer of crust is also formed beneath the maximum penetration depth of spudcan 
footing. Coupling the effects of 2 years operational time and 100 years elapsed time, Gan 
et al. (2012) observed that the thickness of this thin crust situated below the seafloor 
increases substantially in both NC and OC clay (Figures 2.6d and 2.7d). Therefore, if the 
spudcan is to be reinstalled at the same location as the footprint, such soil set-up can result 
in punch-trough risk with rapid uncontrolled penetration of jack-up leg. 
In short, the above soil heterogeneity contours can give indications of the likelihood of 
spudcan footing response during reinstallation close to footprint. Such utilisation would be 
detailed in Chapter 4 when discussing the model test results conducted in the present 
study.   
2.3 Response of Spudcan Footing during Reinstallation 
It is apparent that spudcan reinstalled close to existing footprint is problematic because of 
seabed depression and soil heterogeneity. Avoiding the footprint is of course the most 
simple and effective method in ensuring safe installation of jack-up unit. Nevertheless, as 
established by GM-Fugro (2003) survey shown in Figure 1.6, avoidance as recommended 
by SNAME (2008) is not always possible in many cases. This is due to geometry 
constraints in positioning the jack-up rig heading with respect to well head platform during 
work-over. For instance, a case history reported by Teh et al. (2010) illustrates these 
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constraints (Figure 2.1). Limited length of cantilever drilling unit in reaching the platform 
also contributes to the difficulty of avoiding the footprint. Out of 137 datasets collected, 
only 15% were able to avoid the footprints. 
Reinstalling spudcan footing close to existing footprint would induce adverse forces 
arising from non-uniform bearing resistance beneath the footing. Detrimental eccentric and 
inclined forces are expected to develop. The following sections discuss previous studies on 
the responses of spudcan footing during reinstallation and also important parameters that 
influence the jack-up behaviour. Note that most of the results were from experimental 
investigations using centrifuge modelling. 
In discussing the following test results, sign convention shown in Figure 2.8 is adopted 
throughout this thesis, following the recommendation of Butterfield et al. (1997). Positive 
vertical (V) force indicates that the footing is resisting an upward reaction from soil. 
Positive horizontal (H) force indicates that the footing is resisting a lateral load towards the 
footprint. Positive bending moment (M) indicates that the footing is resisting clockwise 
moment rotating towards the footprint. 
There are two reference points with respect to penetration depth used in existing 
publications (Figure 2.8). There are penetration measured with respect to the spudcan tip 
and penetration measured with respect to the Load Reference Point (LRP). The former is 
termed as “penetration tip” with notation “ztip” and the latter as “penetration LRP” with 
notation “zLRP”. 
Figure 2.8 also shows the definition of offset distance () as the distance from centre of 
footprint to centre of reinstallation position. The distance can be normalised with respect to 
spudcan diameter (/D).    
2.3.1 Typical Reinstallation Response 
Cassidy et al. (2009) reported that a model spudcan (representing a ‘116C’ jack-up unit 
class) with equivalent diameter of 18.3 m was penetrated into the seabed to form a 
footprint. Kaolin clay with undrained shear strength profile of su = 7.5 + 2z kPa, where z is 
depth below mudline, was used in this centrifuge experiment. After forming a footprint, 
the same spudcan was re-penetrated at 0.5D offset distance at which maximum induced 
forces were expected. Induced VHM (vertical, horizontal and moment) forces were 
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recorded continuously during initial installation and reinstallation. All of these were 
performed at 250g acceleration level. 
Figure 2.9 shows typical responses presented in VHM plots for spudcan footing reinstalled 
overlapping a footprint. Also shown in the plots for comparison are the induced forces 
during initial installation. Note that the plots use spudcan tip as reference penetration 
depth. It is evident that there is difference between initial installation and reinstallation. 
Reduction in soil bearing resistance was observed during reinstallation with the spudcan 
footing attained the target preload of 60 MN (288 kPa) at slightly deeper depth after 
passing the maximum depth of initial installation.  
From Figure 2.9, it is striking to see the significant different between the induced H and M 
forces during initial installation and reinstallation. At initial installation, uniform bearing 
pressure with purely vertical ground reaction was expected; therefore, the induced H and 
M forces were practically zero. At reinstallation, as can be seen, the H and M forces 
increased rapidly at touch down level, attributing to the uneven seafloor. The forces 
continued to increase at constant rate as the spudcan penetrated deeper passing highly 
variable soil zone. Peak forces were reached at penetration depth slightly above the 
maximum depth of initial installation. Shortly after this, the forces reduced because the 
spudcan approached the final footprint depth. Apparently, this footing response during 
reinstallation is problematic. 
Note that the induced H and M forces were in positive direction, indicating the tendency of 
spudcan to slide into the existing footprint and concurrently to rotate towards the footprint. 
The model test used rigid connection at the leg-hull connection; as such, displacements 
cannot be measured. However, attempt was made by Cassidy et al. (2009) using simple 
elastic beam theory to deduce the lateral displacement of spudcan footing shown also in 
Figure 2.9. 
The VHM responses of spudcan footing described above are also reported by Stewart and 
Finnie (2001), Gaudin et al. (2007), Gan (2009) and Gan et al. (2012). 
2.3.2 Offset Distance 
Severity of spudcan-footprint interaction varies with offset distance from existing 
footprint. Stewart and Finnie (2001) reported a series of centrifuge model tests on effect of 
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offset distance on spudcan footing. A spudcan of 12 m prototype diameter was reinstalled 
close to footprint at offsets ranging from 0.0D to 2.0D. Kaolin clay with undrained shear 
strength profile of su = 12 + 2.65z kPa was used in this experiment. Figure 2.10 shows the 
induced horizontal force profiles for all the offsets. Peak forces occurred at 0.50D to 1.0D 
offsets. Reinstallation of spudcan at the centre of the footprint yielded insignificant 
interaction. Likewise, at offset 1.5D or beyond, the spudcan-footprint interaction was 
marginal. Therefore, 0.50D to 1.0D offset is considered to be the most critical location for 
spudcan-footprint interaction. However, no information on induced bending moments was 
given because they found that only relatively small variation in moment occurred with 
change in offset distance. 
The observed bending moment response by Stewart and Finnie (2001) however was not 
consistent with the subsequent centrifuge test results from Cassidy et al. (2009) and Gan 
(2009). Figure 2.11 summarises the peak forces during spudcan reinstallation at various 
offsets from existing works. To accommodate various soil shear strength profiles and also 
different spudcan size being used for each study, dimensionless parameters are used in 
plotting the maximum H and M forces. The maximum horizontal force (Hmax) is 
normalised with respect to spudcan area (A) and undrained shear strength at which peak 
force occurs (su). Similarly, the maximum bending moment (Mmax) is normalised with 
respect to spudcan area (A), spudcan diameter (D) and undrained shear strength (su). Table 
2.2 provides the summary of peak forces from the above model tests. 
Consistent with earlier study by Stewart and Finnie (2001), the peak forces (H and M) 
occur at offset between 0.50D and 1.0D. However, it is observed that the bending moment 
change with offset distance. Note that bending moments from Gaudin et al. (2007) study 
were lower than the others. This is because a free-to-slide leg connection was used; while 
the rest used rigid leg actuator connection. Even though dimensionless parameters have 
been adopted, the test results do not collapse to a unique line. Results from Cassidy et al. 
(2009) were much higher compared to those from Stewart and Finnie (2001) and Gan 
(2009). The reason for the higher forces is because of a much larger spudcan diameter was 
used, 18.2 m, as compared to 12.0 m and 6.0 m in two latter tests, respectively. 
Furthermore, the profiles of undrained shear strength were also different for each study, as 
shown in Table 2.2; therefore, the governing mechanisms controlling the spudcan 
behaviour during reinstallation were also different.  
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2.3.3 Footprint Geometry 
Kong et al. (2013) studied the effect of footprint geometry alone on spudcan footing 
during reinstallation. Instead of forming a footprint by inflight penetration and extraction 
of spudcan, a cavity having certain dimension and in conical shape was pre-formed on 
laboratory floor using a dedicated cutting tool. As such, only the effect of uneven seabed 
(or footprint geometry) was studied in isolation, without the influence of soil 
heterogeneity. Afterwards, a circular flat footing with 15 m diameter in prototype scale 
was penetrated into the artificial ‘footprint’ at various offsets. Kaolin clay with undrained 
shear strength profile of su = 5 + 1.68z kPa was used in the centrifuge experiment.  
Various dimensions of footprint cavity were investigated, from as shallow as 0.17D cavity 
depth to as deep as 0.67D cavity depth. Furthermore, diameters of cavity were varied also, 
from 1D to 3D. Using these dimensions, the deduced slope angle for the conical shape 




. Note that the footprint dimensions were developed 
based on a review of existing publications on footprint geometry (e.g. Section 2.2.1 and 
Table 2.1).  
Among many test results presented in Kong et al. (2013) and also Kong (2012), only three 
results are shown here in Figure 2.12. These are results for ‘footprints’ TA, TB and TC. In 
these ‘footprints’, the same cavity diameter of 2D was used, but the crater depth varied 







, respectively. Furthermore, the offset distance adopted in Figure 2.12 
was 1.0D at which the induced forces were found to be maximum among 0.5D to 1.5D 
offsets considered. 
Test results reveal that as the cavity depth increased from 0.17D to 0.67D, the maximum 
induced forces also increased accordingly. Kong et al. (2013) reported that the maximum 





 and ~0.11 to ~0.50, respectively. This behaviour is as expected because 
deeper cavity depth (i.e., steep slope angle) would result in severe spudcan-footprint 
interaction. From a comprehensive model tests conducted, it is observed that the peak 
horizontal forces and bending moments occurred at a penetration depth between the touch 
down level and the toe of cavity. After the spudcan penetration passed the cavity depth, the 
induced forces reduced as soil heterogeneity was not considered in the study.   
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2.3.4 Spudcan Diameter Ratio 
Induced forces during spudcan reinstallation generally increase with the spudcan size, as 
shown in Figure 2.10 and Table 2.2. However, very often during reinstallation that 
different spudcan size with that of initial installation is used. Gan (2009) investigated such 
scenario in centrifuge model using spudcan of 6 m, 8 m and 10 m diameters. The 8 m 
diameter spudcan was used to create a footprint. Afterwards, the reinstallation was 
performed with either 6 m or 10 m spudcan diameters at offsets varying from 0.125D to 
0.875D.  
The test results are presented in Figure 2.13 in terms of diameter ratio (Df/Ds), where Df is 
the diameter of spudcan used for forming a footprint and Ds is the diameter of spudcan 
used for reinstallation. The data points appear scatter, except for Df/Ds = 1.0 where the 
same spudcan diameter was used for both initial installation and reinstallation. 
Nonetheless, the results indicate that the induced forces generally increased with diameter 
ratio. In other words, larger spudcan diameter (Df/Ds > 1) during reinstallation produced 
larger forces. This observation is generally consistent with the test summary in Table 2.2.  
2.3.5 Effect of Time 
As described in Section 2.2.3, the effects of operational period (OP) and elapsed time (ET) 
have significant influence to the spatial variability of soil shear strength in the vicinity of 
footprint. Using the same normalised shear strength contours shown in Figures 2.6 and 2.7, 
Gan et al. (2012) conducted model tests to investigate the response of spudcan during 
reinstallation close to footprint by taking into account both operational period and elapsed 
time. 
Spudcan was reinstalled at 0.50D offset after a short period of elapsed time (1 year and 3 
years) and also after a very long period of elapsed time (100 years). Furthermore, in 
creating the footprint, two scenarios were considered for the operational time, 0 year and 2 
years, with the former corresponding to immediate extraction upon achieving the target 
preload pressure and the latter corresponding to a waiting time of 2 years before extraction. 
Figures 2.14 and 2.15 show the results of induced H and M forces for both NC and OC 
clay, respectively. 
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In general, reinstallation of spudcan footing after a very long elapsed time (100 years) 
induced smaller horizontal force and bending moment compared to that of immediate case 
(i.e., short elapsed time). Test results in both NC and OC clay depicted the same 
behaviour. This reduction in induced forces is because the soil heterogeneity becomes less 
distinct as time elapses. The remoulded soil in footprint location regained strength after 
consolidation; therefore, the initial significant difference between the remoulded strength 
and intact strength was  smaller, resulting in smaller induced forces. Moreover, the test 
results also show that with 2 years operational period, the induced forces were higher as 
compared to those without operational period. A layer of thin crust (Rsu > 1) was formed 
after 2 years elapsed time (see Figures 2.6 and 2.7). This resulted in higher induced forces 
as the reinstalled spudcan approached the crust layer. 
In summary, it is important to also take account the effect of time when investigating the 
efficacy of mitigation measures for spudcan-footprint interaction. 
2.3.6 Leg Bending Rigidity 
Cassidy et al. (2009) investigated the influence of jack-up leg bending rigidity (EI) on the 









, were used to simulate the Mod V “A” class and 116C class spudcan, 
respectively. These reference values were then reduced by a factor of approximately one 
order of magnitude. Test results revealed no significant difference concerning the recorded 
forces during spudcan reinstallation close to existing footprint. They attributed this 
response to the rigid connection between the spudcan leg and loading actuator. Therefore, 
lateral and rotational movements were supressed. 
Likewise, Gan (2009) conducted model tests using two legs with different bending 








. Rigid connection between the spudcan leg 
and the loading actuator was also assumed in Gan’s experiment. Consistent with findings 
from Cassidy et al. (2009), test results from Gan (2009) also showed no large difference in 
the induced forces between the two legs.  
Rigid connection between jack-up leg and hull can be said to simulate optimistic situation 
in the sense that the induced forces are at the upper bound. Assessment of jack-up rig using 
this assumption could hence lead to over-prediction of forces and under-prediction of 
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displacements due to footprint. However, this might not be the case because the leg-hull 
system stiffness is not only dictated by the leg bending rigidity, but also dependent upon 
the hull configuration, the connections of the hull to the other legs, the other legs 
themselves and finally the foundation behaviour at the other spudcan footings. Jack-up 
legs with high bending rigidity will therefore result in stiffer leg-hull connection and vice 
versa. As such, rigid connection can be considered to be a reasonable assumption.       
2.3.7 Hybrid Modelling 
To better simulate realistic leg-hull connection and foundation fixity in model tests, 
Gaudin et al. (2012) and Kong (2012) developed an advanced real-time hybrid testing 
method. This hybrid modelling combines a physical jack-up leg model used for 
penetrating/extracting spudcan in model test and numerical jack-up model of whole unit 
used for receiving and processing information and then feeding certain command to the 
physical leg during the model test (Figure 2.16). In other words, only a single spudcan leg 
is represented physically and the remaining components such as jack-up hull and the other 
two legs are simulated numerically.  
A specially designed VHM actuator was developed to simulate the leg-hull connection and 
the fixity of the two other legs. Unique features of the VHM actuator (Figure 2.16b) were 
the angular actuator driven by a servo motor and the pivot point with front encoder. The 
pivot point was also called as a common point. The hybrid modelling described above was 
therefore achieved through this common point by exchanging information of loads and 
displacements between the physical and numerical models in the form of stiffness matrix 
representing jack-up structural properties. During test, the physical model leg was first 
penetrated into seabed overlapping a footprint. While penetrating, the induced forces 
(VHM) were recorded at the common point and then transferred to the numerical model, 
which in turn calculated the vertical and horizontal displacements and the rotations to be 
imposed on the physical model during the next step of additional penetration (Figure 
2.16a).   
The typical lattice leg of jack-up unit was simplified as an elastic beam element with 
equivalent bending rigidity. Similarly, the jack-up hull was also modelled as three beam 
elements in a simple equilateral triangle. Furthermore, the other two spudcan footings that 
already pre-embedded into the seabed were modelled as a series of linear and rotational 
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springs with stiffness’s established following SNAME (2008) recommendations. A 
structural analysis program was then used to estimate the flexibility stiffness matrix by 
applying unit vertical, horizontal and moment loads separately at the common point. As 
such, the flexibility stiffness matrix in the form of 3x3 matrix can then be established. 
Depending on the scenario being investigated during the model test, the flexibility matrix 
at the common point can be modified to incorporate only horizontal and rotational 
flexibility, combined horizontal and rotational flexibility or cross-coupled horizontal and 
rotational flexibility. The latter case therefore represented realistic condition of actual jack-
up rig. More detailed description of this hybrid modelling is given by Kong (2012). 
Using the hybrid modelling described above, Kong (2012) conducted jack-up reinstallation 
tests overlapping a footprint at 1.0D offset in both 1-g and centrifuge environment. Only 
test results from centrifuge model are elaborated here. A model jack-up leg with bending 




 was adopted in the experiment, together with a circular 
flat footing of 6 m prototype diameter. Note that the adopted EI was about one order lower 
than the commonly adopted EI in actual jack-up. Footprint was created in flight using 
rigidly connected leg of circular flat footing. The reinstallation was then conducted by 
considering four boundary conditions at the common point, moving progressively from a 
simple rigid connection to only horizontal and rotational flexibility and finally cross-
coupled flexibilities. The test results with these flexibility matrices were then evaluated 
against those results from rigid connection. 
Figures 2.17 and 2.18 present the test results of footing responses during reinstallation 
close to footprint by considering only horizontal (denoted as B-H-1) and rotational 
flexibility (denoted as B-M-1), respectively. Also shown in the figures are the test results 
from rigid connection (denoted as B-R-1 and B-R-2) where zero flexibility matrix was 
imposed at the common point. At the beginning of reinstallation, it can be seen that there 
were no substantial difference with regards to the induced horizontal forces and bending 
moments between the tests allowing for lateral displacement or rotational movement with 
those results with rigid connection. This footing response is somewhat surprising in view 
of significant horizontal displacement and angular movement that took place during 
reinstallation, as presented in Figures 2.17 and 2.18, respectively.  
Only after the reinstalled spudcan just approached the maximum depth of initial 
installation, a slight reduction in forces was observed in the case of model test with 
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horizontal flexibility (Figure 2.17). This reduction in H and M forces was consistent with 
the decrease in horizontal displacement as the spudcan approached the rather 
homogeneous ground. In contrary, the model test with rotational flexibility (Figure 2.18) 
shows that the induced forces increased continuously even after the reinstalled spudcan 
passed the maximum depth of footprint. The apparent conformity of trends and magnitudes 
of induced forces between the rigid reinstallation and flexible (only horizontal and 
rotational) reinstallation suggests that rigid connection is in fact a reasonable assumption 
to be adopted. 
Moving towards a more realistic behaviour of jack-up rig during reinstallation close to a 
footprint, only one model test was performed using cross-coupled horizontal and rotational 
flexibility matrix (denoted as B-F-1) and the test results are shown in Figure 2.19. From 
touch down level to about the maximum depth of initial installation, it can be seen that the 
induced forces agreed rather well with those results from rigid connection. Afterward, 
when the reinstalled spudcan approached the footprint depth, significant reduction in 
horizontal force with abrupt change in force direction was observed. The induced bending 
moment at LRP however increased first but then reduced following the rigid spudcan 
response as the spudcan penetrated deeper. Looking at the measured lateral displacement, 
the reinstalled spudcan slide towards the existing footprint and at the same time, the 
measured angular movement was initially in negative direction, indicating the spudcan 
rotating towards the footprint. As a result, the actual lateral displacement at the spudcan 
LRP level was magnified. 
In short, this hybrid modelling sheds light into better understanding of realistic behaviour 
of jack-up reinstallation close existing footprint by incorporating the jack-up hull stiffness 
and the other two legs foundation fixities. However, the reported centrifuge model test 
involving cross-coupled flexibilities by Kong (2012) is still limited to only one test and at 
one particular offset of 1.0D. Moreover, the equivalent bending rigidity for the model jack-
up leg was at the low side as compared to typical stiffer jack-up rigs adopted offshore. 
Further investigations are therefore needed.        
2.4 Mitigation Measures for Spudcan-Footprint Interaction 
As discussed above, reinstallation of jack-up close to existing footing is affected by many 
variables ranging from offset distance, footprint geometry, leg bending rigidity to jack-up 
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unit stiffness. Despite the gain in understanding recently, spudcan-footprint interaction 
however remains a problematic issue facing by offshore industry. Without mitigation 
measures to minimise the effects of seabed depression and soil heterogeneity, interaction 
of jack-up rig with existing footprint will persist, becoming a hazard for future revisiting of 
jack-up rig.  
Mitigation measures are therefore needed to alleviate the potential issues arising from 
spudcan-footprint interaction, which is eccentric and inclined loading resulting in 
excessive spudcan sliding towards footprint and also excessive structural stresses on the 
chords and braces of the jack-up leg. Risks from economy losses of drilling time, damages 
to the rig, potential collision with adjacent well head platform to personnel injury have 
been reported (Dier et al., 2004; Hunt and Marsh, 2004). As such, effective mitigation 
measures become crucial to ensure safe jack-up reinstallation. 
Several potential (not necessary effective) mitigation measures have been put forward in 
literature (e.g., Jardine et al., 2001; GM-Fugro, 2003; Foo et al., 2003; Dier et al., 2004; 
Dean and Serra, 2004; Osborne et al., 2006). Notably are the reports by GM-Fugro (2003) 
and Dier et al. (2004) that discussed in length mitigation measures that have been used in 
practice and also the circumstances under which the measure could be successful or not. 
Among proposed mitigation measures, some of them are listed in Figure 1.6. Reaming, 
stomping, infilling, jetting and also avoidance are the most common adopted marine 
procedures. Nevertheless, the efficacy of these measures remains questionable because of 
lacking in objectivity in evaluating the effectiveness. To date, very few information are 
available to prove the efficacy of the proposed mitigation measures. Rack Phase 
Difference (RPD) is probably the only control measure utilising on board to provide early 
indication of excessive bending and shear stresses acting on the leg during installation 
(Foo et al., 2003 and Dier et al., 2004). The horizontal force, bending moment, lateral 
displacement and rotational movement induced on spudcan footing, as detailed in Section 
2.3, are rarely being measured (or probably not possible). The following section reviews 
available mitigation measures and guidelines. 
2.4.1 Industry Guideline Recommendations 
As mentioned in Chapter 1, SNAME (2008) and ISO (2012) recommended one spudcan 
diameter clearance between the edge of the footprint and the edge of the reinstalled 
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spudcan. In other words, a centre-to-centre distance of two spudcan diameters is suggested 
by both guidelines to achieve insignificant spudcan-footprint interaction. However, Figure 
1.6 reveals that avoidance of footprint is often unachievable in the field. Primary reasons 
are because of geometry constraints in positioning the jack-up and also limited length of 
jack-up cantilever drilling rig in reaching the well head platform. Out of 137 data sets 
collected, only 15% cases were possible to avoid footprints. Therefore, reinstallation of 
spudcan footing very close to or partial overlapping a footprint is not uncommon in 
practice. To do so, some sorts of marine procedures are usually adopted, as also shown in 
Figure 1.6. 
Other than avoidance, ISO (2012) did not provide further guidelines on how to reduce the 
effects of footprint on spudcan. SNAME (2008) was more elaborate and suggested two 
operational sequences for consideration. First is to use a jack-up unit with identical 
spudcan footing geometry with the unit used previously when the footprints were created 
and then to install the jack-up at the exact location as the previous unit. This procedure of 
course results in negligible spudcan-footprint interaction as only vertical ground reaction is 
expected (Stewart and Finnie, 2001). However, in many cases, deployment of a jack-up 
depends on availability and therefore, it is very unlikely that two jack-ups have a similar 
design of spudcan footing geometry. As such, second operational procedure is 
recommended which is to install two legs in virgin soil and another leg located over a 
footprint. It is expected that potential sliding could be reduced, but excessive eccentric and 
inclined forces can still be detrimental to the jack-up unit stability.  
In addition to avoidance, both guidelines provide very brief statement of possibility (not 
necessary effective) in using infilling, working the legs (reaming), stomping, and seabed 
remediation as mitigation measures. No other information is however given concerning the 
circumstances under which the mitigation measure can be effective.  
2.4.2 Stomping 
It is apparent that seabed depression and soil heterogeneity are two primary causes of non-
uniform ground reaction during spudcan reinstallation, hence potential jack-up movement 
towards existing footprint. To minimise spudcan-footprint interaction, mitigation measure 
should therefore be capable of destroying or reducing the above two effects. Stomping 
technique is considered to be one of the practical options.  
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Stomping, according to Jardine et al. (2001), is a process where the spudcan footings are 
initially emplaced further from the centre of the old footprint than the final intended 
position and then used to displace soil towards the old footprint. Schematically, stomping 
technique is illustrated in Figure 2.20. From the above definition, it is unclear on how 
exactly the stomping should be carried out, either one emplacement or multiple 
emplacements before reaching the final intended position. Furthermore, no information is 
available on how deep the emplacement should be performed, either up to the maximum 
depth of initial installation (of footprint depth) or just up to the crater depth enough to 
displace near-surface soil. Lacking of such documented information, it is therefore difficult 
to evaluate the efficacy of stomping technique as effective mitigation measure. One of the 
aims of this thesis is to systematically investigate stomping procedure, primary using 
centrifuge model tests. 
An interesting fact to note from the GM-Fugro (2003) survey is that stomping is a 
preferred marine procedure to be used in North Sea where the soil conditions are generally 
stiff to very hard clay or dense sand. It is also reported that this installation method has 
been used exclusively for Friede and Goldman (F&G) 1780 Mod V and VI jack-up units 
operating in the North Sea.  
2.4.3 Reaming 
Reaming is the most frequently employed installation method to deal with spudcan-
footprint interaction (Figure 1.6). Out of 137 data sets surveyed, 25% of jack-up operators 
opted reaming as marine procedure. Reaming is often termed as working the legs or leg 
reciprocation. 
In the GM-Fugro (2003) report, reaming is defined as a technique that involves forcing the 
leg into position by incremental vertical reciprocation (downward and upward movements 
of the leg) to advance the spudcan(s) at the required position. Likewise, BASS-OTD 
(2005) also defined that reaming is a technique by which the spudcan is sequentially raised 
and lowered in the hole left by the previous rig in an attempt to wear away the side of the 
hole, thereby elongating the hole and creating a new hole centre location at the spacing of 
the legs of the new rig. It is reported that reaming is the preferred marine procedure to be 
used in Gulf of Mexico and offshore India where very soft clay with typically normal-
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consolidated stress history is encountered. Deep penetration is usually expected for such 
soil condition. 
Furthermore, confusion arose among jack-up operators regarding the definition of reaming 
and stomping (GM-Fugro, 2003). Hunt and Marsh (2004) also pointed out that there is a 
need to distinguish leg reaming from leg stomping. As described in Section 2.4.2, 
stomping requires multiple emplacements of spudcan before reaching the intended 
spudcan position, with first emplacement does overlapping existing footprint. Furthermore, 
reaming can be regarded as cyclic penetration in advancing the spudcan while stomping 
only involves monotonic continuous spudcan penetration. 
The survey also noted that reaming does not seem to be suitable for sand, dense silt and 
firm to stiff clay conditions with the reason that the horizontal load acting on the spudcan 
in such soil condition may be too large in respect to the structural strength and stiffness of 
the jack-up. Nevertheless, literature reporting on the efficacy of reaming is still scant and 
relatively inaccessible. The standard operation procedure on how exactly the reaming is 
executed is not well established; for instance, the optimum stroke to be employed during 
the leg upward and downward movements. 
2.4.4 Skirted Footing 
Potential benefits of using skirted footing foundation for jack-up unit have been reported in 
literatures (e.g. Svano and Tjelta, 1993; Jostad and Andersen, 2006). Primary objectives of 
provision of skirt beneath spudcan are to increase the bearing capacity and foundation 
fixity, particularly for the situation where the footing penetration is shallow, for example in 
stiff clay or sand. The use of skirted spudcan is recently considered as a mitigation 
measure for punch-through risks (e.g., Teh et al., 2008; Yu et al., 2010; Gan et al., 2011; 
Hossain et al., 2014; Li, 2014). Naturally some might also consider skirted spudcan as 
mitigation measure for the problem of spudcan-footprint interaction (e.g., Teh et al., 2006; 
Gaudin et al., 2007; Kong et al., 2013). 
From the GM-Fugro (2003) survey and report, skirted footing was rarely being reported or 
used as mitigation measure among others (see Figure 1.6). However, the possibilities of 
using skirted footing such as in enhancing VHM yield locus capacity and also mitigating 
punch-through risk attract researchers to consider it to tackle spudcan-footprint. Teh et al. 
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(2006) conducted 1-g test using both spudcan and skirted flat footings installed on sloping 
ground and also footprint. Model tests in both sand and clay were conducted. For model 
tests in sand, they observed that the induced horizontal force and bending moment for 
skirted footing were higher than those results for spudcan footing. Furthermore, the 
horizontal force acted in opposite direction. Likewise, for model tests in clay, horizontal 
force was also higher for skirted footing. 
Similar conclusion as in Teh et al. (2006) study was also drawn by Kong et al. (2013) 
using centrifuge model tests. Skirted flat footing was penetrated into a preformed footprint 
cavity at 1.0D and 1.50D offsets. The test results were then compared with those results 
from circular flat footing of same diameter with the skirted flat footing. They observed that 
the induced horizontal force for skirted footing was significantly larger than the spudcan. 
Note that only one type of clay sample was used in the model tests, that is lightly over 
consolidated clay with very soft to medium firm shear strength. They concluded that the 
use of a skirted footing as mitigation measure is still inconclusive and further 
investigations are needed. 
2.4.5 Infilling 
Seabed depression is one of important characteristics that causes spudcan-footprint 
interaction at shallow penetration depth, particular at seafloor. Therefore, by infilling the 
footprint crater with imported materials, the effects of seabed depression could be 
eliminated, hence minimising spudcan-footprint interaction. Figure 1.6 reveals that 
infilling was accounted for 11% among all mitigation measures reported by GM-Fugro 
(2003). It was also reported that footprint infilling with gravel has been used successfully 
where the gravel infill was of a similar strength and stiffness to the surrounding soil. 
However, in some circumstances, footprints in sand have been observed to self-infill due 
to sediment mobility once the unit has been removed. 
SNAME (2008) provides brief account for consideration when infilling the footprint with 
imported materials, such as potential material removal by scour and the differences of 
material stiffness. Jardine et al. (2001) and Grammatikopoulou et al. (2007) conducted 
numerical finite element analysis concerning infilling of footprint crater to reduce the 
potential risks of jack-up reinstallation. A situation of typical North Sea case was 
considered, using Santa Fe ‘Magellan’ jack-up (F&G L780 Mod V class unit) with 18.2 m 
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spudcan diameter penetrated into stiff to very hard clay layers. From field observations of 
footprint crater (Section 2.2.1), the above jack-up would typically leave a 5 m deep cavity 
(~0.27D). Therefore, a perfect cylindrical hole of 5 m deep and same diameter as spudcan 
footing was modelled in small-strain finite element analysis. A plane strain jack-up leg 
was modelled with rigid connection at the hull, but allowing horizontal displacement and 
rotation movement at the spudcan-leg connection. Two infilling materials were considered, 
namely medium dense sand and dense gravel.  
It was found that the induced horizontal force and bending moment were greater when 
sand was used as infilling material instead of gravel. Furthermore, from an update study by 
of similar case, Grammatikopoulou et al. (2007) found that the induced forces were much 
larger, exceeding the structural strength of the leg such that damage was imminent.  
In short, based on above finite element analyses, it appears that infilling might not be 
effective because of larger induced forces when spudcan was reinstalled into in-filled 
footprint. This thesis therefore seeks to clarify this by conducting centrifuge model tests.  
2.4.6 Rack-Phase Difference (RPD) 
The induced horizontal force and bending moment during spudcan reinstallation close to 
existing footprint can be measured with relative ease using strain gauges attached to the 
model leg. These loads however are not straight forward to be measured on actual jack-up 
unit. Induced loads acting on the spudcan have to be transferred to the jack-up hull through 
leg-hull connection system, which comprises rack and pinion jacking system and upper 
and lower guides. The former acts as vertical couple while the latter as horizontal couple. 
Load-transfer mechanism at this leg-hull connection is complex. However, as suggested by 
Foo et al. (2003) concerning spudcan-footprint interaction, Rack Phase Difference (RPD) 
can be used as an indicator to correlate the amount of bending moment and shear forces 
acting on the spudcan and specifically on the chords and braces of the truss-work leg.  
Rack Phase Difference (RPD) is simply the difference in elevations between the rack teeth 
of the chords of any one leg, as illustrated in Figure 2.21.  Therefore, there are as many 
RPD values as the leg faces. For instance, four chorded leg (rectangular configuration) and 
three-chorded leg (triangular configuration) will have four and three RPD values, 
respectively. Dier et al. (2004) also provided a good explanation on how RPD is evaluated. 
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Note that RPD is not a mitigation measure that would directly alleviate the effects of 
seabed depression and soil heterogeneity; but RPD is a control measure used on board as 
real-time monitoring during jack-up installation. In general, RPD is used to measure 
relative distortion between each chord of the leg and can measure the total inclination of 
the leg relative to the hull, which in turn may be used to estimate the induced leg loads 
(bending and shear). In the case of purely vertical ground reaction, the distortions of the 
chords are negligible. However, as the spudcan experiencing horizontal force and bending 
moment, one or two chords would be under tensile stress and the other under compression 
stress. Therefore, it gives rise to leg distortion, or RPD. 
Typically, RPD is controlled not to exceed 3 inch (Foo et al., 2003). This is to ensure that 
that the weakest part of the leg, which is leg braces, would still under elastic range and not 
buckle during installation. As soon as RPD exceeds 3 inch, jacking installation is usually 
halted. Readjustment of the leg chords are then initiated either by jacking up the whole leg 
or, more effectively, by jack on individual chords. Apparently, RPD is not a mitigation 
measure, but it is a good indicator to prevent any excessive structural distress during 
reinstallation of jack-up close to existing footprint.  
Nonetheless, direct correlation between RPD and induced shear and bending forces on the 
leg are not straight forward to be evaluated. Such research investigation is still limited and 
of great practical value.  
2.4.7 Others 
Other than avoidance, stomping, reaming, skirted footing and infilling as mitigation 
measures discussed above, there are other measures proposed by industry. Note that only 
the above five measures are considered in this thesis. However, for completeness, it is 
necessary to briefly mention mitigation measures categorised as others in Figure 1.6. 
GM-Fugro (2003) reported that jetting is common employed to softening the seabed soil 
beneath the spudcan such that it can be effective during reinstallation. Jetting is normally 
adopted for spudcan extraction (Purwana, 2007). A case history of spudcan-footprint 
interaction by Rapoport and Young (1987) reported that jetting was successfully used in 
Gulf of Mexico. However, more works are needed to establish the circumstances under 
which jetting is effective. 
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Uphill-downhill installation procedure, spudcan ploughing, ‘Swiss cheesing’ drilling and 
seabed excavation have also been reported as mitigation measures (GM-Fugro, 2003). All 
these measures are empirical and rely heavily on operator experiences and not readily 
applicable in other situations. Dean and Serra (2004) also provided conceptual mitigation 
measure for spudcan-footprint interaction, mainly involving foundation modifications and 
installation procedures.   
2.5 Concluding Remarks 
Jack-up reinstallation close to existing footprint is a complex soil-structure interaction 
problem. Two primary causes of the non-uniformity of bearing pressure underneath the 
reinstalled spudcan are seabed depression and soil heterogeneity. These two characteristics 
of footprint were discussed with respect to reported case histories and particularly from 
Gan et al. (2012) works concerning mapping of soil shear strength variation across the 
footprint. 
Response of spudcan footprint during reinstallation is influenced by a large number of 
variables, such as offset distance, soil type, footprint geometry, spudcan diameter ratio, 
time effect, leg bending rigidity and jack-up unit stiffness. Offset distances between 0.50D 
to 1.0D measured from the centre-to-centre between reinstalled location and footprint are 
found to be the critical offset where maximum induced horizontal force and bending 
moment are expected. Beyond 1.5D offset, spudcan-footprint interaction is negligible and  
this location can be regarded as safe distance for jack-up reinstallation. However, 
avoidance is rarely achievable in practice due to geometry constraints and also limited 
length of cantilever drilling rig in reaching adjacent well head platform when performing 
work-over. As such, some sorts of mitigation measures are required for safe reinstallation 
of jack-up unit. 
Various mitigation measures have been recommended with majority of them categorised 
either as seabed remediation techniques or spudcan footing modification. Seabed 
modification techniques often employed in practice are stomping, reaming, infilling, 
perforation drilling (Swiss cheesing), etc. However, these so called marine procedure are 
empirical in nature and rely heavily on past operators experiences. So far, very limited 
information is readily available reporting the efficacy of these techniques. Circumstances 
under which these mitigation measures can or cannot be effective are still unknown. 
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Spudcan footing modification by adding skirted underneath footing is increasingly 
attracted attentions in practice. Limited works conducted previously are still inconclusive 
as to whether or not skirted footing is effective for mitigating spudcan-footprint 
interaction. In summary, the research presented in this thesis attempts to fill the current 
gap of misunderstanding. In particular, four mitigation measures, stomping, reaming, 
skirted footing and infilling, are systematically investigated using centrifuge model tests. 
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Stewart and Finnie 
(2001) 
su = 12+2.65z 310 kPa 0.54 2.1 0.21 
Cassidy et al. (2009) su = 7.5+2z 
154 kPa 0.16 1.64 0.04 
231 kPa 0.31 1.64 0.08 
308 kPa 0.46 1.64 0.08 
Gan (2009) 
su = 50+4.1z 
460 kPa 
0.20 1.0 0.21 
su = 30+3.8z 0.50 1.6 0.23 
su = 28+1.65z 1.30 2.0 0.20 
where z = depth below mudline (m), ZLRP = penetration depth with respect to spudcan load reference point, D 
= spudcan diameter, wc = width of footprint, and zc = depth of footprint crater   
 
 




Stewart and Finnie 
(2001) 
Cassidy et al. (2009) Gan (2009) 
Hmax/Asu Mmax/ADsu Hmax/Asu Mmax/ADsu Hmax/Asu Mmax/ADsu 
0.00D 0.08 - - - 0.07 0.03 
0.25D 0.26 - 0.35 0.35 0.25 0.20 
0.50D 0.38 - 0.57 0.54 0.31 0.27 
0.75D 0.58 - - - 0.47 0.43 
1.00D 0.44 - 0.70 0.67 0.41 0.34 
1.50D 0.16 - 0.20 0.14 0.19 0.06 
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Figure ‎2.1: Example of Case History for Jack-Up Rig Reinstallation over Existing Footprints 




Figure ‎2.2: Cross Sectional Profiles of Footprint Geometry Obtained from Centrifuge Model 
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Figure ‎2.3: Geotechnical Investigation for a Case History of Spudcan-Footprint Interaction 
in Gulf of Mexico (after Rapoport and Young, 1987) 
 
 
Figure ‎2.4: Site Investigation Plan and Geophysical Survey of Belida A Site (Chan et al. 2008) 






































Chapter 2 Literature Review 
2-30 
 
Figure ‎2.5: Cross Sectional View of Interpreted Soil Borings and CPT Probings at Belida A 
Site (Chan et al. 2008) 




Figure ‎2.6: Contour Map of Soil Heterogeneity across a Footprint in Normally-Consolidated 
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Figure ‎2.7: Contour Map of Soil Heterogeneity across a Footprint in Over-Consolidated 
(OC) Clay, OP = Operational Period and ET = Elapsed Time (after Gan et al. 2012) 
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Figure ‎2.9: Responses of Spudcan Footing Reinstalled Close to Existing Footprint (after 
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Figure ‎2.11: Relationship between Induced Peak Forces and Offset Distances (after Stewart 
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Figure ‎2.12: Responses of Footing Reinstalled at 1.0D Offset Distance in Three Footprints 































































































































Figure ‎2.13: Effect of Diameter Ratio during Spudcan Reinstallation (after Gan, 2009)  










































Figure ‎2.14: Effect of Time on Induced Forces during Spudcan Reinstallation in NC Clay 
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Figure ‎2.15: Effect of Time on Induced Forces during Spudcan Reinstallation in OC Clay 
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Figure ‎2.16: (a) Schematic of the Hybrid Modelling Concept and (b) the VHM Actuator with 
the Model Jack-Up Leg (Gaudin et al. 2012) 
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Figure ‎2.19: Reinstallation Response of Jack-Up with Cross-Coupled Horizontal and 
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Figure ‎2.20: Illustration of Stomping Technique (Jardine et al. 2001) 
 
 
Figure ‎2.21:  Schematic View of RPD Effect (Stonor et al. 2004) 
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CHAPTER 3 CENTRIFUGE EXPERIMENT PROGRAM 
3.1 Introduction 
Physical modelling by means of centrifuge model tests was used in this thesis to study the 
efficacy of various mitigation measures for spudcan-footprint interaction. This chapter 
therefore elaborates geotechnical centrifuge testing facility and equipment utilised in this 
thesis. Scaling laws for transforming model scale to prototype scale are first explained 
followed by the introduction on NUS beam centrifuge. Afterwards, experiment model 
setup including loading actuator table, model footings, model jack-up leg and instruments 
is then detailed. Experiment procedures such as sample preparation and testing procedures 
are also described. Finally, series of testing program conducted for this thesis are outlined.   
3.2 Geotechnical Centrifuge Testing 
The strength and stiffness of soil is governed by insitu effective stress level which depends 
on gravitational body forces and external forces. A model that scaled from 1/N prototype 
and tested under unit gravity is unable to accurately simulate insitu stress level. To achieve 
similitude of stress in a model as in a prototype, an elevated gravity field by mean of 
centrifuge technology is adopted. The use of centrifuge technology has been well-
established in geotechnical engineering field. A general description of centrifuge principles 
and applications to various geotechnical structures is given by Schofield (1980) and Taylor 
(1995). Moreover, centrifuge modelling has also been used to investigate foundation 
related problem of offshore structures, particularly in the understanding of jack-up spudcan 
behaviour.  
Scaling laws pertaining to centrifuge modelling is given in Table 3.1. Relationships from 
model scale to prototype scale were derived based on basic principles of soil mechanics 
and dimensionless formulations. Based on Table 3.1, the scaling law for physical 
dimensions is N (transformation from model scale to prototype scale). For instance, a 300 
mm thick soil sample can be used to represent a 30 m thick soil deposit provided that the 
sample is subjected to 100 times gravity acceleration (i.e. 100g). Under such condition, the 
prototype of 30 m thick soil will have stress similitude with that of real soil deposit. 
Similarly, a 100 mm diameter model footing under 100g will represent a 10 m diameter 
prototype footing. Another significant advantage of centrifuge modelling is the scaling law 
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for time (diffusion) or consolidation process. Fine grained soils with very low permeability 
requires a very long time for excess pore water pressure to fully dissipate. With centrifuge, 
this consolidation process can be accelerated by taking the advantage of 1:N
2
 scaling law. 
This means that 1 hour under 100g centrifuge environment is equivalent to 10,000 hour (~ 
1.14 year) prototype consolidation time. 
3.3 NUS Beam Centrifuge 
All the tests reported in this thesis were performed using the National University of 
Singapore (NUS) geotechnical centrifuge facility. Completed in 1990, the facility as 
photographed in Figure 3.1 has since been used extensively in conducting various 
geotechnical research studies. This beam type centrifuge has a maximum payload capacity 
of 40,000 g-kg, meaning that with 100g or 200g levels, the payload should not exceed 
400kg and 200kg, respectively. Two swing platforms, each on one side, are attached on the 
centrifuge body. One platform is used for payload where in-flight test is executed and the 
other platform is used for counterweight. For efficiency, the counterweight platform can 
also be utilised to perform test (for example soil consolidation). When the platforms are 
fully swung up during testing operation, the diameter is 3.89 m. For signal handling 
system, 90 silver-graphite slip rings are used to transmit signals between the centrifuge and 
the control room. The centrifuge is housed in a specially built cylindrical protective 
chamber with a 300 mm thick composite concrete material. Control of centrifuge tests and 
acquisition of data is undertaken from the control room. A complete description of NUS 
geotechnical centrifuge laboratory is provided by Lee et al. (1991) and Lee (1992).     
3.4 Experiment Model and Setup 
3.4.1 Model Container 
Four circular steel containers made from 5 mm thick stainless steel were fabricated for the 
centrifuge experiments. The container dimensions were 550 mm internal diameter and 400 
mm high, representing 55 meter diameter and 40 m high in prototype scale at 100g 
acceleration. To prevent excessive outward deformation of the container when the soil 
sample inside subjected to either high surcharge preloading at laboratory floor or at 100g, 
eight vertical stiffeners of 5 mm thickness were welded outside the container. Two 
drainage holes were provided at the bottom of the container for water drainage purpose 
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during soil consolidation. Hence, the soil inside the container had double drainage 
condition (top and bottom) which helps accelerating the dissipation of excess pore water 
pressure during initial preloading at laboratory floor and also during in-flight 
consolidation. 
3.4.2 Loading Actuator Table 
The so called ‘X-Table’ similar to that used by Gan (2009) was designed and fabricated as 
the loading platform through which two model legs with footing (spudcan and skirted) and 
‘full-flow’ penetrometer can be attached. The loading platform was made from stainless 
steel plate equipped with stiffeners. Three hydraulic actuators were provided on the 
loading platform with each of them serving a different purpose. Two of them functioned as 
actuator for controlling the model leg with footing and the other one for controlling a “full-
flow” penetrometer. Each actuator was connected with a hydraulic servo mounted on top 
of the centrifuge swing body. The connections were made through hydraulic cables. 
Moreover, a 300 mm travel potentiometer was placed at each side of the actuators to 
measure and record the movement. The potentiometer also served as a device through 
which a movement command was given (i.e., displacement-control mode). 
These three actuators were seated on a moveable sub-platform such that the whole set of 
actuators can move in one direction, upward and downward, during centrifuge spinning at 
100g. The moveable sub-platform compromised a pair of mini-rails, a stepping motor, a 
gearbox and a control device system. Details of the actuators and moveable components 
can be found in Gan (2009). The moving sub-platform facilitated a model spudcan 
penetration and shear strength profiling at different locations. Figure 3.2 shows a 
photograph of the loading platform. 
3.4.3 Model Spudcan and Skirted Footing 
Two model footings, spudcan and skirted, were designed and machined using aluminium 
alloy 6061 grade. The model spudcan was cylindrical in shape with a conical base and a 
protruding spigot tip at the bottom of the conical base, representing a typical shape of jack-
up rig spudcan used. The diameter of the model spudcan was 100 mm (10 m in prototype 




, respectively. The 
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distance from the spigot tip to the maximum bearing area of the spudcan was 16.9 mm 
(1.69 m in prototype scale).  
The model skirted footing was cylindrical in shape with same diameter and material as the 
spudcan footing. Through baseline document of this project (Appendix A), it was decided 
that the practical skirted length operable in the field should be 0.25D, where D is the 
footing diameter. A 0.125D skirted length was also considered, however it was discarded 
in view that the maximum skirted length operable in the field would be more beneficial 
than a shorter one. As such, 0.25D or 25 mm skirted length was adopted in this study, 
simulating a 2.5 m skirted length at prototype scale. The length from the tip of the skirt to 
the maximum bearing area of the footing was 25 mm (2.5 m in prototype scale). Hence, 
there is an overall difference in length of 8.1 mm with that of spudcan footing. The 
schematic drawing and photographs of both the spudcan and skirted footing models are 
presented in Figure 3.3. 
3.4.4 Model Jack-up Leg 
A typical truss-work steel leg of an actual jack-up mobile rig was approximated in this 
experiment as a hollow cylindrical stainless steel model leg. This approximation of model 
jack-up leg was thought to be a reasonable representation of the actual one because the 
prototype flexural stiffness of the model, after applying the scaling laws, was determined 
to be on the same order of magnitude with that of typical actual truss-work leg. The model 
jack-up leg was machined to have a 20.3 mm external diameter, 15.8 mm internal diameter 
and 280 mm length, simulating a 2.03 m tubular steel leg and 28 m length. The two ends of 
the model leg were threaded with one end rigidly connected to a hydraulic actuator while 
the other end connected to a model footing (either spudcan or skirted footing).  
Using steel elastic modulus of 210 GPa, the prototype flexural stiffness (EI) and axial 




 and 2.69 x 10
11
 N. The 
order of magnitude is of similar order for a “Mod V” class jack-up rig with its EA and EI 
being 8.92 x 10
10




 respectively (e.g., Cassidy et al. 2009). One 
important property is the similitude of flexural stiffness of the model leg with that of ‘Mod 
V’ class jack-up rig. Owing to limited available head room in the centrifuge platform, the 
280 mm length of the model leg only simulated 28 m length in prototype scale. In order to 
simulate a longer leg, it was decided to reduce the EI of the model leg such that the 
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prototype leg would be a 75 m long. In order to accomplish this, the equivalent leg 




)prototype. Inputting the above 
parameters (EIprototype, Lprototype, Lmodel) into the equation, it was established that the EImodel 




, the same magnitude as the adopted model leg. Summary and 
comparison of the model and prototype leg properties are shown in Table 3.2.  
To measure the internal forces developed along the leg while penetrating into the seabed, 
the model leg was instrumented with strain gauges. Two types of full-bridge strain gauges 
configurations were adopted, these included bending and axial configurations. In total, five 
levels of strain gauges comprised three levels bending gauges (named as B1, B3 and B5) 
and two levels axial gauges (named as A2 and A4) were installed on the model leg. The 
position of strain gauges and photographs of the model leg are shown in Figure 3.4. The 
strain gauges configuration took temperature compensation effect into account. The 
instrumented model leg was then coated with 1.5 mm thick epoxy layer to protect the 
strain gauges and its wiring harness system. When the model leg experienced internal 
stresses, the strains were measured and recorded continuously at 1 Hz speed using a data 
logger (TML Strain meter) mounted on-board. The measured strains were then converted 
into its corresponding bending and axial forces using a calibration constant. Once the 
bending moments were obtained at each location of strain gauges, elastic beam principle 
was used to estimate the bending moment and horizontal force at LRP reference point. It 
should be noted that only one type of model jack-up leg was used throughout this project 
to ensure consistency of the results. 
3.4.5 Transducers 
In the present model, several instruments were used, such as load cells, pore pressure 
transducers (PPTs) and potentiometers. In addition to the axial gauges on the model leg, a 
load cell with 4.45 kN (1000 lbs) capacity (supplied by Interface Inc.) was also used to 
measure the axial force during spudcan penetration and extraction. Calibration was carried 
out to determine the conversion constant from load cell excitation output into force. 
During spudcan penetration test, it was found that both instruments recorded 
approximately the same amount of load.  
Pore pressure transducers were embedded in the soil sample to measure the development 
and dissipation of excess pore water pressure. The PPTs were attached on a dedicated 
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frame that was placed inside the container before pouring the Kaolin slurry. Furthermore, 
two potentiometers were used to measure the soil surface settlement during in-flight 
consolidation. These two instruments were employed to assess the equilibrium state of the 
soil sample during in-flight consolidation.  
3.4.6 T-Bar and Ball Penetrometers 
Full-flow penetrometers developed by Stewart and Randolph (1991) were used in-flight to 
characterise undrained shear strength of Kaolin clay. Two types of penetrometer shown in 
Figure 3.5, T-bar (5 mm diameter x 25 mm long) and ball (11.9 mm diameter) were 
employed in this project. The T-bar/ball was attached to a vertical rod of 6.5 mm diameter. 
Highly sensitive strain gauges situated immediately behind the T-bar/ball were used to 
record the penetration resistance of soil. The rod penetrometer was rigidly connected to 
one of the actuators on the loading platform. Cyclic tests were also performed to determine 
the sensitivity of the Kaolin clay as well as other cyclic soil properties. Detailed 
explanation and results of full-flow penetrometer tests will be presented in Section 3.6.2. 
3.5 Experiment Procedures 
3.5.1 Sample Preparation 
Kaolin clay was used to create two types of soil sample, a normally consolidated (NC) soil 
and heavily over consolidated (OC) soil. The kaolin clay was prepared at a water content 
of 120% or 1.5 times the liquid limit. Clay mixing was carried out under air-vacuum for 
about 4 hours before pouring the slurry into the circular container over a 25 mm thick sand 
drainage layer. The slurry was then preloaded incrementally at laboratory floor with a 
small surcharge of 4 kPa for NC sample and a large surcharge of 600 kPa for heavily OC 
sample. The former surcharge was applied using a steel plate dead weight while the latter 
using a hydraulic consolidometer. Load cell with 250 kN capacity (supplied by Interface 
Inc.) was also used to accurately monitor the load applied by the hydraulic consolidometer. 
This load cell also verified the consistency of stress history applied to all the soil samples. 
Total time required in preparing the samples were 1 week for NC sample and 3 weeks for 
OC sample. Figure 3.6 shows photographs of sample preparation process.  
Upon completing preloading on the laboratory floor, the soil samples were then allowed to 
fully swell.  After this stage, consolidation under self-weight was then performed in-flight 
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at 100g. The final height of the sample after reaching pore pressure and settlement 
equilibrium was about 280-290 mm, simulating a 28-29 m thick soil deposit. In-flight 
consolidation at 100g for NC sample took about 16-18 hours while OC sample took about 
8-10 hours. Typical examples of pore pressure and settlement monitoring during in-flight 
consolidation are shown in Figure 3.7. 
3.5.2 Testing Procedure 
After in-flight consolidation was completed, the test was then initiated inflight. A typical 
test involved four steps. First, the soil undrained shear strength was measured using full-
flow penetrometer. Second, the spudcan footing was penetrated to a target preload pressure 
as stipulated in the baseline report. The target preloading pressures for both NC and 
heavily OC clay were 350 kPa and 450 kPa, respectively. After achieving the target 
preload pressure, the spudcan was then immediately extracted with zero operational 
(standby) time. This second step is to simulate the sequence of jack-up installation, 
preloading and removal. Upon extraction of spudcan from the seabed, a footprint is 
formed. 
The third step involved moving the X-table to a target reinstallation position, ranging from 
0.25D to 1.5D offset distance measured centre to centre. Last, the spudcan was then 
reinstalled at the target position. During this stage, induced horizontal force and bending 
moment were continuously recorded. All of the steps were essentially the same with the 
exception of the last step. In the case of skirted footing, the reinstallation close to footprint 
was performed using skirted flat footing. In the case of stomping, spudcan footing was 
used but the X-table moved to the desired locations depending on stomping strategy being 
investigated for the test. For tests involving infilling, the centrifuge was spun down after 
the footprint formation. This was to allow the footprint to be infilled with imported fine 
sand material. The centrifuge was then ramped up again and the spudcan repenetration was 
immediately carried out upon reaching 100g acceleration. 
It should be mentioned that all the penetrations were carried out under displacement-
control mode. The load cell increments were carefully monitored during all phases of the 
test (i.e. spudcan penetration and upon reaching the target load cell reading). 
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3.5.3 Penetration Velocity 
The penetration velocity for spudcan/skirted footing and T-ball/ball penetrometer was set 
at a rate fast enough to ensure undrained condition. Following the framework proposed by 
Finnie (1993), the normalised penetration velocity (V) was used to determine the rate of 
penetration. The normalised penetration velocity can be deduced as V = D/cv, where  is 
the penetration velocity, D is the footing/structures diameter and cv is the coefficient of 
consolidation. To ensure undrained response, Finnie and Randolph (1994) reported that the 
normalised penetration velocity (V) should be greater than 30. Higher normalised 
penetration velocity can cause viscous effect and therefore increase the penetration 
resistance (Randolph and Hope, 2004). Thus, the normalised penetration resistance is 
limited to 200 in this experiment. 
The penetration and extraction velocity for both spudcan and skirted footings was set at 3 
mm/sec. For spudcan and skirted footing of 100 mm diameter in model scale and 
coefficient of consolidation of 25 m
2
/yr (see kaolin clay properties in section 3.6.1), the 
normalised penetration velocity, V = 126. The rate of penetration for T-bar (5 mm 
diameter) and ball (11.9 mm diameter) was set at 1 mm/sec. Similarly, the normalised 
penetration velocity is also greater than 30.    
3.6 Characterisation of Kaolin Clay 
3.6.1 Soil Element Tests 
Goh (2003) reported the properties of NUS Kaolin clay shown in Table 3.4. Since then, no 
further soil element tests were carried out to validate the possible changing in properties 
for the current Kaolin clay used in this project. Upon further communication with the 
Kaolin clay supplier, it was revealed that the source (or mining location) of Kaolin clay 
could differ substantially over the years. To obtain the properties of Kaolin clay for this 
project, it was decided to carry out soil element tests to characterise the physical and 
mechanical properties of the clay. First, a series of element tests was carried out in NUS 
Geotechnical Laboratory in 2011. Later in 2013, another series of element tests was 
conducted by Fugro Singapore Pte Ltd. This section reports the results of soil element tests 
carried out for this project. 
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Kaolin clay samples used for soil element testing were prepared following the same 
procedure described in Section 3.5.1. The key difference between these two series of tests 
was the amount of surcharge applied. For tests performed in NUS laboratory, the sample 
was preloaded with 50 kPa surcharge; while for Fugro, the preloading was 100 kPa. The 
latter sample was easier to handle because of medium firm strength. Both samples were 
prepared using the same container as described in Section 3.4.1. Samples used for triaxial 
tests and 1-D oedoemeter tests were taken respectively from 38 mm and 100 mm diameter 
steel tubes pushed into the soil to retrieve about 300 mm length of soil samples. The soil 
samples were then extracted to a standard size, 38 mm diameter and 76 mm length for 
triaxial tests and 70 mm diameter and 19 mm thick for 1-D oedometer tests. 
The matrix for soil element tests conducted for this thesis is shown in Table 3.3. In both 
NUS and Fugro laboratories, physical properties tests such as water content (wn), 
Atterberg limits (LL, PL), specific gravity (Gs) and unit weight (s) were conducted. 
Triaxial Consolidated Isotropic Undrained (CIU) tests were also conducted in both 
laboratories. 1-D oedometer tests were performed in NUS laboratory, while Constant 
Strain Rate (CSR) consolidation tests were performed in Fugro laboratory. Furthermore, 
triaxial permeability tests were also carried out in Fugro laboratory. All tests were 
conducted according to the procedures stipulated by ASTM (American Society for Testing 
and Materials). 
Comparison of the results from Fugro, NUS and that of Goh (2003) is summarised in 
Table 3.4. Complete interpretation for all the tests was presented in Appendix B.  As can 
be seen, the three sets of results are generally consistent except that of internal friction 
angle (’) and coefficient of permeability (k). The internal friction angle from current tests 
is 25
o
 instead of 23
o
 as reported by Goh (2003). Examination of the stress strain curves 
from current tests (Appendix B) revealed that even though the samples were in normally 
consolidated (NC) state (i.e., OCR = 1), the samples showed dilative behaviour, exhibiting 
peak stress before reaching critical state. This peculiar behaviour for NC clay is also 
observed by Ho (2013) for the same Kaolin clay. Ho (2013) conducted a large number of 
monotonic and cyclic triaxial tests using NUS Kaolin Clay and observed the dilative 
behaviour of Kaolin clay, similar to the test results reported by Fugro. The reason for this 
dilative behaviour is probably attributed to the microfabric structure of the clay. Sachan 
and Penumadu (2010) and Pillai et al. (2011) observed that Kaolin clay with dispersed 
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microfabric tends to dilate under shearing because of higher axial strain and excess pore 
pressure developed as compared to that of flocculated microfabric. Comparison of current 
stress-strain curves with that of Goh (2003) cannot be made as no such curves were 
provided. 
Current tests conducted by NUS and Fugro also show lower coefficient of permeability as 
compared to that of Goh (2003). The current permeability is one order lower than that of 
Goh (2003), that is k = 2 x 10
-9
 m/s instead of 2 x 10
-8
 m/s. The current results appear to be 
more accurate for the test conducted using triaxial permeability apparatus instead of 
indirect deduction from 1-D oedometer test results. As a result of lower permeability, it is 
observed from in-flight consolidation stage that the time required to achieve 90% of soil 
consolidation is longer, about 14 hours for NC clay, as compared to about 8 hours 
previously reported by several research workers in NUS (e.g., Purwana, 2007; Teh, 2007; 
Gan (2009) and Xie (2009), among others). The results from current soil element testing 
program conducted by NUS and Fugro are therefore adopted in this thesis. 
3.6.2 Undrained Shear Strength 
As described in Section 3.4.6, T-bar and Ball penetrometers were used in-flight to 
determine the undrained shear strength of Kaolin clay samples. Since its development in 
early 1990 by Stewart and Randolph (1991), the tool has become a routine apparatus in 
geotechnical centrifuge for characterising soil shear strength of clay sample. It is also 
increasingly used in offshore to measure the insitu strength of seabed soil (Randolph, 
2004; Low et al., 2010, DeJong et al., 2010).   
Full-flow penetrometers have several advantages over cone penetration test (CPT). First, 
unlike CPT, the measured penetration resistance requires minimal correction to provide net 
resistance. Second, full-flow penetrometers have a larger projected area (about 10 times 
larger) than that of CPT; therefore improved accuracy is obtained for soft soils. Third, 
rigorous plasticity solutions are available for converting the measured penetration 
resistance to undrained shear strength. 
The measured net penetration resistance is converted to undrained shear strength using the 
equation, su = qnet/Nt, where qnet is the measured net penetration resistance, Nt is the 
penetrometer resistance factor and su is the undrained shear strength. Randolph and 
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Houlsby (1984) provided a theoretical solution for a cylindrical object applicable to T-Bar 
based on upper bound and lower bound plasticity calculation. Randolph (2004) and Einav 
and Randolph (2005) updated the solutions because it was found that there was an error in 
the earlier upper bound calculation. For a fully smooth interface ( = 0), the T-bar 
resistance factor (NT-Bar) ranges from 9.14 for lower bound to 9.20 for upper bound. While, 
for a fully rough interface ( = 1), the factor for both solutions is 11.94. The T-bar used in 
the present centrifuge tests was neither fully smooth nor fully rough; therefore NT-Bar of 
10.5 was adopted. 
Randolph et al. (2000) provided theoretical solutions for a spherical (ball) penetrometer 
using lower and upper bound plasticity calculations. It was reported that for a fully smooth 
interface, the lower and upper bound solutions for NBall are 10.97 and 11.60, respectively. 
On the other hand, for a fully rough interface, the lower and upper bound solutions are 
15.10 and 15.31, respectively. In current experiment, NBall of 12.5 was adopted. 
Both monotonic and cyclic full-flow penetrometers tests were conducted in the centrifuge 
experiments. Figure 3.8 presents the results for monotonic penetrometer tests in both NC 
clay and heavily OC clay. Both T-bar and Ball penetrometers were employed in profiling 
the undrained shear strength for NC clay (Figure 3.8a). Using the resistance factors 
described above, it was found that both penetrometers give excellent agreement of 
undrained shear strength profiles. The close agreement between all the penetrometer tests 
implies the consistency of the samples prepared. The undrained shear strength increases 
linearly with depth, following a typical profile of NC clay. The shear strength at mudline is 
zero and the rate of shear strength increment is 2 kPa/m. Using effective unit weight of 6.5 
kN/m
3
, the normalised strength ratio (su/v’) is 0.30. 
Figure 3.8b presents the results of ball penetrometer tests for heavily OC clay. As can be 
seen, the results for all tests are generally consistent. The undrained shear strength profile 
can be approximated using a power law equation of su = 17z
0.55
 kPa, where z is the depth 
below mudline. 
The results of cyclic penetrometer tests are shown in Figure 3.9. The soil sensitivity (St) is 
determined as a ratio of resistance measured at one cycle against that of ten times 
penetration and extraction cycles (DeJong et al., 2010). Cyclic penetrometer tests were 
conducted at several depths. For all depths, the sensitivity of NC kaolin clay is found to be 
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2.5, while for heavily OC kaolin clay it is 4.0. The plots clearly show that the rate of 
degradation for kaolin clay is relatively fast with only 2 to 3 cycles to achieve the 
remoulded shear strength. This is as expected for the reconstituted kaolin clay as the clay 
has no strong microfabric structure. 
3.7 Test Programme 
3.7.1 Reference Tests 
The first series of tests for this thesis was on the avoidance scenario. The footprint was 
first formed by penetrating and extracting the spudcan footing from the seabed. The same 
spudcan was then reinstalled at various distances ranging from 0.25D to 1.5D centre-to-
centre offsets. During repenetration, induced horizontal force and bending moment were 
recorded. This series of tests can be considered as reference tests because it only involved 
generic reinstallation close to footprint. 
In total, there were twelve tests performed for generic reinstallation; 6 tests each for NC 
clay and heavily OC clay. Out of these 12 tests, 5 tests were inferred from stomping test 
series. This is valid because the first stomping location after footprint creation can be 
considered as reinstallation position, even though the target preloading pressure was not 
achieved during stomping. Further explanations are provided in Chapter 4.  
Table 3.5 gives a summary of tests conducted for generic reinstallation. The nomenclature 
of the tests is in the form of “soil type_type of footing use for first installation_type of 
footing used for second installation_offset distance”. For instance, for test 
“NC_SP_SP_0.5D”, the soil type is normally consolidated clay with first installation 
performed using spudcan footing and reinstallation performed at an offset distance of 0.5D 
also using spudcan footing. In this study, only one size of spudcan was used for both initial 
installation and reinstallation which was 10 m in prototype scale. The results from these 
reference tests are used as basis for comparison and evaluation for subsequent 
reinstallation tests employing mitigation measures. 
3.7.2 Stomping Tests 
Two types of stomping techniques were investigated in this thesis, namely single stomping 
technique and double stomping technique. In total, there were 9 (eleven) tests conducted 
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on stomping as listed in Table 3.6, comprising 2 tests in NC clay and 7 tests in OC clay. 
The nomenclature used for stomping is slightly different from the one described in Section 
3.7.1. The types of footing during installation and reinstallation are discarded in the 
nomenclature since only spudcan was used.  
In single stomping technique, the first offset is the first stomping location and the second 
offset is the target reinstallation position. Similarly, in double stomping technique, the first 
and second offsets are first and second locations for stomping with the last offset in double 
stomping is the target reinstallation position. For instance, the double stomping test 
OC_1.5D_0.75D_0.25D means that the first and second stomping were carried out at 1.5D 
and 0.75 offsets, respectively with the target reinstallation position at 0.25D offset. Detail 
explanation of model test results for stomping is given in Chapter 4. 
3.7.3 Reaming Tests 
Table 3.7 summarises tests conducted for reaming. In total, there were 5 (five) tests, 
compromising of 4 tests in NC clay and 1 test in OC clay.  All reaming tests were carried 
out at a target location of 0.5D offset. Different strategies of reaming were implemented 
for individual tests, starting from large stroke of leg reciprocation (i.e., upward and 
downward movements of spudcan) to small stroke of leg reciprocation. Model test results 
for reaming are reported in Chapter 5. 
3.7.4 Skirted Footing Tests 
Table 3.8 lists tests conducted for skirted flat footing. There were 7 (seven) tests 
comprising 4 tests for NC clay at 0.25D, 0.50D, 0.75D and 1.0D offsets and 3 tests for 
heavily OC clay at 0.25D, 0.50D and 0.75D offsets. As detailed in Section 3.4.3, the 
skirted length beneath the flat footing was 2.5 m in prototype scale. The diameter of 
skirted footing was the same as the spudcan footing. Results for skirted footing test are 
presented in Chapter 6. 
3.7.5 Spudcan-Footprint Interaction in Sand Tests 
A total of two (2) spudcan footprint interaction in sand were performed for loose sand and 
dense sand. For each test, two offsets were carried out at either side of the initial footprint. 
Details of tests in sand are provided in Chapter 6.  
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Gravity m/s2 N 1 
Length m 1 N 
Area m2 1 N2 
Mass or volume kg or m3 1 N3 
Density kg/m3 1 1 
Stress kN/m2 1 1 
Strain - 1 1 
Force N 1 N2 
Time (dynamic) s 1 N
 
Time (diffusion) s 1 N2 
 
Table ‎3.2: Properties of Field and Prototype Jack-Up Leg 
Properties 




Outer dia. (m) - 2.03 
Thickness (m) - 0.225 
Cross sectional area, A (m2) 0.446 1.275 
Length, L (m) 151.3 28 
Moment of inertia, I (m4) 10.56 0.528 
EA (N) 8.92 x 1010 2.68 x 1011 
EI (N-m2) 2.11 x 1012 1.11 x 1011 
EI/L3 (kN/m) for L = 75m 5001.5  5056.5 
 
Table ‎3.3: Matrix of Soil Element Testing Conducted 
Sample 
















































NUS  X X X - X - X - 
Fugro X X X X X X - X 
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Table ‎3.4: Comparison of Soil Tests Results for NUS Kaolin Clay 
Parameters Fugro NUS  Goh (2003) 
Unit weight,  (kN/m3) 16 16 16.4 
Liquid limit (%) 74 74 80 
Plastic limit (%) 43 35 35 
Internal friction angle,  (deg) 25 25 23 
Coeff. of compression, Cc 0.54 0.473 0.562 
Coeff. of swelling, Cs 0.11 0.114 0.122 
Coeff. of consolidation, cv (m
2/yr) 
45 (at 100 kPa) 
90 (at 600 kPa) 
20 (at 100 kPa) 40 (at 100kPa) 
Coeff. of permeability (m/s) 
2 x 10-9 (100 kPa) 
7 x 10-10 (600 kPa) 
2 x 10-9 2.0 x 10-8 




 = (-)/ 



















Table ‎3.5: List of Tests Conducted for Generic Reinstallation of Spudcan (Reference Tests) 
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Table ‎3.6: List of Tests Conducted for Stomping 
Soil Type Test 





NC_1.25D_0.5D_0.25D 1.25D 0.50D 0.25D Double stomping 
NC_1.50D_0.5D_0.25D 1.50D 0.50D 0.25D Double stomping 
OC Clay 
OC_1.0D_0.50D 1.0D - 0.50D Single stomping 
OC_1.25D_0.50D 1.25D - 0.50D Single stomping 
OC_1.25D_0.50D 1.25D - 0.50D 
Single stomping, time 
effect (0 OP, 10 ET)* 
OC_1.50D_0.50D_0.25D 1.50D 0.50D 0.25D Double stomping 
OC_1.50D_0.75D_0.25D 1.50D 0.75D 0.25D Double stomping 
OC_1.50D_0.75D_0.25D_50% 1.50D 0.75D 0.25D 
Double stomping, 
50% of initial depth+ 
OC_1.50D_0.75D_0.25D_75% 1.50D 0.75D 0.25D 
Double stomping, 
75% of initial depth+ 
* OP = operational period (0 year), ET = elapsed time (10 year) 
+ stomping was carried out up to the depth of 50% and 75% of initial installation depth 






*measured with respect to spudcan LRP 
Table ‎3.8: List of Tests Conducted for Skirted Flat Footing 






















Reaming 1 2 1 4 5.0 
Reaming 2 2 4 4 5.0  
Reaming 3 2 2 2 10.0 
Reaming 4 2 1 1 9.0 
OC Clay Reaming 5 2 1 1 0.5 
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Figure ‎3.1: Geotechnical Centrifuge Facility at the National University of Singapore 
 
 
Figure ‎3.2: ‘X-Table’ Loading Actuator 
Payload platform 
Counterweight platform 




















Figure ‎3.3: Models of Spudcan Footing and Skirted Flat Footing (All Dimensions in mm) 
 
 














Model spudcan footing Model skirted footing
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Figure ‎3.6: Process of Sample Preparation to Centrifuge Model Setup 





Figure ‎3.7: Typical Results for Soil Settlement and Pore Pressure Monitoring for Normally 
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Figure ‎3.8: Undrained Shear Strength Profiles for Both (a) NC Clay Samples and (b) Heavily 
OC Clay Samples 
 
 
Figure ‎3.9: Cyclic Ball Penetrometer Tests for Both (a) NC Clay Sample and (b) Heavily OC 
Clay Sample 
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CHAPTER 4 GENERIC REINSTALLATION AND STOMPING AS 
MITIGATION MEASURE 
4.1 Introduction 
Footprint avoidance as discussed in Chapter 2 is often unachievable in offshore practice of 
reinstalling a jack-up unit next to existing well head platform. Constraints of geometry and 
positioning and also limited length of drilling cantilever unit in reaching existing platform 
are hindrance in avoiding existing footprints. Therefore, mitigation measures (Figure 1.6) 
are required to minimise risks associated with spudcan-footprint interaction. 
This section presents centrifuge model tests of stomping technique as mitigation measure. 
In order to evaluate the efficacy of stomping, a series of reference tests was first conducted 
in both soft and stiff clay. The test results from stomping were then compared with those 
from generic reinstallation without stomping. The objectives of experimental 
investigations presented in this chapter were: 
 To establish test results for generic reinstallation of spudcan footing in both soft 
and stiff clay. These test results serve as reference tests and are used as basis for 
evaluation the effectiveness of mitigation measures. 
 To conduct model tests on stomping in both soft and stiff clay. Several stomping 
strategies comprising single stomping and double stomping were investigated in 
order to arrive at the optimum strategy that minimised spudcan-footprint 
interaction. 
 To provide recommendation for offshore industry on how the stomping should be 
implemented in the field. 
Footprint was created in-flight by penetrating and extracting model spudcan. Afterward, 
the model spudcan was then reinstalled at various offsets ranging from 0.25D to 1.50D in 
the case of generic reinstallation tests. The induced vertical force (V), horizontal force (H) 
and bending moment (M) during spudcan reinstallation were recorded continuously using 
strain gauges attached to the model jack-up leg. Two types of soil were investigated, soft 
clay and stiff clay, with undrained shear strength profile presented in Figure 3.8. The 
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efficacy of stomping was then evaluated by comparing the induced VHM during 
reinstallation with those from generic tests. 
In this chapter, failure mechanisms during spudcan initial installation and reinstallation 
were also investigated using Particle Image Velocimetry (PIV) technique (White et al., 
2003). This section also presents comparison and discussion with model test results from 
existing studies to generalise spudcan footing behaviour during reinstallation, particularly 
with respect to the dominating effect of either footprint geometry or soil heterogeneity.  
4.2 Background Information on Model Test Results 
4.2.1 Sign Conventions 
The sign conventions adopted in the present study are shown in Figure 4.1, following the 
recommendation of Butterfield et al. (1997). Positive vertical (V) force indicates that the 
footing is resisting an upward reaction from soil. Positive horizontal (H) force indicates 
that the footing is resisting a lateral force towards the footprint. Positive bending moment 
(M) indicates that the footing is resisting clockwise moment rotating towards the footprint.  
As mentioned in Section 2.3, there are two reference points with respect to penetration 
depth used in existing studies. First, penetration measured with respect to the spudcan/skirt 
tip is used for plotting the vertical force (preload) response. Second, penetration measured 
with respect to the Load Reference Point (LRP) is used for plotting the horizontal force 
and bending moment responses. The former is termed as “penetration tip” with notation 
ztip and the latter as “penetration LRP” with notation zLRP. However, in this thesis, only 
one reference point is used to avoid confusion. Penetration depth with respect to Load 
Reference point (LRP), zLRP, is adopted in the interpretation of all present test results. 
Figure 4.1 shows the offset distance as the distance from centre of footprint to centre of 
reinstallation position. The distance () is normalised with respect to spudcan diameter 
(D).  
4.2.2 Typical Responses of Jack-up Reinstallation 
Typical VHM responses for spudcan reinstallation close to existing footprint for both 
normally consolidated (NC) clay and over consolidated (OC) clay are shown in Figures 4.2 
and 4.3, respectively. For comparison, the VHM responses during initial installation into 
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the virgin seabed are also plotted. The test results shown in the figures are at 0.5D offset 
distance from the footprint, a location considered as critical, as reviewed in Chapter 2.  
Footprint was first formed by penetrating the spudcan into the seabed to the target preload 
pressure of 350 kPa for NC clay and 450 kPa for OC clay (see baseline report at 
Appendix-A). Upon achieving the target bearing pressure, the spudcan was then extracted 
immediately with no operational time. After footprint formation, the X-table (described in 
Section 3.4.2) was moved to the target repenetration location. Depending on the target 
offset, the time required to move the X-table was in the range of 1 – 3 minutes in model 
scale. This duration corresponded to 7 – 21 days in prototype scale. Using kaolin clay 
coefficient of consolidation cv = 20 m
2
/year and spudcan footing diameter D = 10 m as the 
drainage path, the dimensionless time factor (T=cvt/D
2
) according to Terzaghi’s one-
dimensional consolidation theory were 0.00384 – 0.0115, indicating that the soil response 
was still undrained.   
The same spudcan was then reinstalled at 0.5D offset distance to the same target preload 
pressure as initial installation. The VHM forces were evaluated from continuous recording 
of induced strains during both initial installation and re-installation. It is evident from the 
VHM plots shown in Figures 4.2 and 4.3 that there is significant difference with respect to 
the magnitude of induced forces during initial installation and re-installation. Horizontal 
force and bending moment were, as expected, essentially zero during spudcan first 
installation into virgin seabed with vertical ground reaction dominating the response. 
For initial spudcan installation in soft clay (Figure 4.2), it can be seen that the target 
preload pressure (350 kPa) was achieved at a penetration depth of 16.3 m (zLRP/D = 
1.63)with respect to the spudcan LRP. After full contact of the spudcan largest bearing 
area with soil took place at seafloor, the vertical bearing pressure rapidly increased at near 
constant rate. In contrast, the rate of bearing pressure increment for spudcan reinstallation 
was, as expected, much lower due to partial soil remoulding in the vicinity of the footprint. 
The target preload pressure for spudcan reinstallation was achieved at slightly greater 
depth (16.6 m) compared with that for initial penetration. 
At 0.5D reinstallation offset, the spudcan partially overlapped the footprint. Owing to 
seabed depression and soil shear strength heterogeneity, large inclined and eccentric forces 
were induced on the repenetrating spudcan, as evidence in the H and M plots (Figure 4.2). 
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In soft clay, the induced H and M forces were rather small at the beginning of 
reinstallation. The forces however increased as the spudcan penetrated further, reaching 
maximum forces when the spudcan approached the maximum depth of initial installation. 
These forces are in positive direction, indicating that the footing is resisting a sliding force 
towards the footprint and a bending moment rotating towards the footprint, with maximum 
H = 0.57 MN and M = 10.3 MN.m at penetration depths of 13.4 m and 15.5 m, 
respectively. Shortly after this peak forces, the induced forces reduced as the spudcan 
approached approximately homogeneous ground. This reinstallation response can be 
contrasted with that of initial installation, where the induced H and M were practically 
negligible. It is evident that the jack-up reinstallation close to footprint is problematic 
because of undesirable inclined and eccentric forces. 
The VHM response of spudcan reinstalled in OC clay is in contrast with that in NC clay, 
particularly in the trend of the induced horizontal force and bending moment (Figure 4.3). 
Owing to much stiffer undrained soil strength at the mudline level and throughout the 
sample depth, the target preloading pressure of 450 kPa was achieved at a much shallow 
penetration depth at 4.6 m (zLRP/D=0.46) with respect to the spudcan LRP. It was observed 
that the depth of footprint crater upon spudcan extraction was about 0.2D (~ 2 m) and the 
crater width was approximately 1.25D. Similar to NC soil, the bearing pressure during 
reinstallation in OC soil was also less stiff owing to soil remoulding in the vicinity of the 
footprint with the target preload pressure attained at 6.3 m penetration depth.  
Unlike H and M responses in NC clay where the maximum forces developed at greater 
penetration depth, it can be seen that in OC clay, the H and M forces developed much 
earlier at a depth corresponding to the depth of footprint crater. The maximum H and M 
forces measured were 0.62 MN and 9.50 MN.m and occurred at penetration depths of 2.1 
m and 1.4 m, respectively.  As noted earlier that the crater depth of the footprint in OC 
clay was 2 m, the depth of maximum H and M forces was approximately at the same 
depth. Beyond this crater depth, the H and M forces were approximately in steady state 
and then reduced as the spudcan penetrated further beyond the maximum depth of initial 
installation. Note that the magnitudes of induced peak forces for both OC and NC clay are 
reasonably comparable despite of substantial difference in the undisturbed undrained shear 
strength profiles. 
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Two characteristics can be inferred from the above observations. Soil strength 
heterogeneity plays a governing role in spudcan reinstallation in soft clay while footprint 
geometry plays a dominant role in stiff clay. In other words, the reinstalled spudcan would 
probably slide immediately towards the footprint at shallow spudcan reinstallation depth in 
stiff clay. Whereas, severe spudcan interaction would occur at greater spudcan 
reinstallation depth in soft clay. 
For footing subjected to inclined and eccentric loading, it is common to examine the 
combined loading of VHM with dimensionless parameters defined as inclination angle () 














          (4.2) 
The plots of these dimensionless parameters are also presented in the lower part of Figures 
4.2 and 4.3. In both NC and OC clay, it can be seen that the peak inclination angle and 
eccentricity during spudcan reinstallation occurred at touchdown level where full contact 
between soil and spudcan largest bearing area took place. The fluctuation of  and e/D 
curves prior to spudcan penetration was probably due to electrical signals noise when the 
spudcan passed through a body of free water above the seabed. This observed data prior to 
spudcan full contact with the seabed is therefore ignored in the interpretation. 
Both  and e/D profiles for either NC or OC clay display a similar trend. The peak 
inclination angle and eccentricity occurred at the touchdown level; that is when the zLRP = 
0. It can be seen that as the spudcan penetrated deeper, the inclination angle and 
eccentricity gradually decreased. In OC clay, both the H and M curves and the  and e/D 
curves show a comparable behaviour in a sense that the location of maximum H and M 
corresponds approximately to the depth as peak  and e/D. This compatibility is however 
not observed in NC clay owing to the nature of the formula stated in Eq. 4.1 and 4.2. In 
NC clay, the bearing pressure of reinstalled spudcan at mudline level is extremely low not 
only due to the low shear strength but also due to the presence of footprint crater. Owing to 
this low bearing resistance and relatively high rate of increment in H and M forces at the 
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mudline, incompatibility is therefore observed between the location of maximum H and 
peak  curves and maximum M and peak e/D curves.  
4.2.3 Repeatability of Model Tests 
Repeatability of model tests presented in this thesis can be evaluated from at least three 
observations from the test results. The first observation is on the consistency of the soil 
samples used in all experiments, both NC and OC clay. The close agreement of undrained 
shear strength profile obtained using full-flow penetrometers presented in Figure 3.8 
indicated that the soil samples prepared were almost identical. The second observation is 
from the initial load-penetration curves for both NC and OC clay shown in Figure 4.4. This 
initial penetration was the first step in the tests. The load during spudcan penetration and 
extraction was evaluated from either load cell or strain gauges attached to the model leg. It 
can be seen that all the initial load-penetration curves agreed remarkably well, verifying 
the repeatability of the model tests.  
The last observation is on the observed induced VHM forces during jack-up reinstallation 
shown in Figure 4.5 for NC clay and Figure 4.6 for OC clay. Reinstallation with a spudcan 
at 0.75D offset distance in NC clay (Figure 4.5) shows good agreement for the two NC 
clay tests. The variations in induced H and M forces are about 5 – 10% which can be 
considered acceptable and within experimental error. Figure 4.6 shows the jack-up 
reinstallation using skirted flat footing at 0.5D offset distance to be in very good agreement 
for the two OC tests. These observations of close repeatability provided assurance to the 
reliability of centrifuge test results in this thesis. 
4.3 Generic Jack-Up Reinstallation using Spudcan at Various Offsets 
The first centrifuge test series is referred as reference test or generic spudcan reinstallation 
test. In order to evaluate the efficacy of the mitigation measures considered in this thesis, 
the results of reference tests are used as a basis for comparison with other tests presented 
in subsequent sections. Furthermore, as will be presented in Chapter 7, validation of 
numerical model is first established by comparing the numerical results with that of 
reference model test results.  
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The list of tests conducted for generic spudcan reinstallation are given in Table 3.5. A total 
of 12 centrifuge tests comprising 6 tests in NC clay and 6 tests in OC clay were conducted. 
The range of offset considered was from 0.25D to 1.5D, measured with respect to the 
existing footprint. It should be noted, however, that the tests for 1.25D and 1.50D offsets 
were inferred from certain stomping tests.  
4.3.1 Reference Tests in Soft Clay 
Figure 4.7 presents the comparison of VHM responses for jack-up reinstallation using 
spudcan footing at 0.25D to 1.5D offset distances in normally consolidated clay. For 
clarity, the induced VHM forces during spudcan extraction are not presented. From the 
preloading pressure (V/A) response, it can be seen that there is substantial soil remoulding 
for spudcan reinstalled at 0.25D and 0.5D offsets. The target preload pressure was 
achieved at about 18.3 m depth for reinstallation at 0.25D as compared to 16.3 m for initial 
installation. As the spudcan was reinstalled further away from the footprint, the effect of 
soil remoulding becomes less significant. At 1.25D and 1.5D offset, the reinstalled 
preloading pressure response resembled the initial installation response both in its rate of 
bearing pressure increment as well as the final penetration depth whereby the target 
bearing pressure of 350 kPa was reached.  
From H and M plots (Figure 4.7), it can be seen that the maximum forces occurred at an 
offset of 0.5D. As expected, the least H and M forces were at 1.25D and 1.5D offsets. In 
general, the induced forces for all offsets were in positive direction, indicating that the 
footing is resisting a sliding force towards the previous footprint and a bending moment 
rotating towards the footprint. For all offsets, the induced H and M forces were rather 
small at the beginning of reinstallation and the forces however continued to increase (with 
exception for 1.25D and 1.5D offsets) because of soil shear strength heterogeneity in the 
vicinity of the footprint, reaching peak forces at greater depth. Shortly after this, the forces 
reduced as the spudcan approached the maximum depth of initial penetration where the 
soil shear strength heterogeneity was insignificant. 
In connection to the VHM responses observed during generic reinstallation of spudcan, it 
can be established that spudcan-footprint interaction in soft clay is severe as the spudcan 
penetrates deeper. This implies that soil shear strength heterogeneity along the footprint 
depth governs the interaction dominantly as compared to that of seabed depression on 
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mudline level. Continuous spudcan sliding towards the footprint is probably expected 
during jack-up reinstallation at 0.25D to 1.0D offsets, with worst interaction at 0.25D and 
0.50D. For mitigation measures to be effective in soft clay, the measure should be capable 
of diminishing the soil shear strength heterogeneity surrounding the footprint. Mitigation 
measure by mean of infilling is probably ineffective as in-filling the footprint with 
imported material only diminish the effect of seabed depression but not the soil shear 
strength heterogeneity that is profound throughout the depth of the footprint. 
Comparison of current test results can be made against published works; for instance, 
model tests by Cassidy et al. (2009) and Gan et al. (2012) using Kaolin clay with shear 
strength approximately consistent with current experiments for NC clay. One of the results 
from Cassidy et al. (2009) has been presented in Figure 2.9 for spudcan reinstalled at 
0.50D offset. In general, the trends of VHM responses reported in this thesis are consistent 
with those of Cassidy et al. (2009). The horizontal force and bending moment increased 
gradually with depth, reaching peak forces just before approaching the maximum depth of 
initial installation. However, induced H and M forces in Cassidy et al. (2009) model test 
was much higher than current test results. This is because of larger spudcan diameter (i.e., 
18.3 m) was used in their model test as compared to that of current experiments with 10 m 
diameter spudcan. 
4.3.2 Reference Tests in Stiff Clay 
Figure 4.8 presents the comparison of measured VHM forces during jack-up generic 
reinstallation using spudcan at 0.25D to 1.5D offset distances in OC clay. The induced 
VHM forces during spudcan extraction are not shown for clarity. Similar to trends 
observed in NC clay, the preload pressure (V/A) response for reinstalled spudcan at 0.25D 
shows the least bearing pressure because of significant soil remoulding close to the 
footprint. The target preload pressure of 450 kPa was achieved at penetration depth of 7.2 
m as compared to 4.6 m for initial penetration. Further away from the footprint at 1.5D 
offset, the effect of soil remoulding becomes insignificant as can be seen from the load 
penetration curve that is very similar to that of initial installation. As noted earlier, the 
results for spudcan reinstallation at 1.0D, 1.25D and 1.50D (see Table 3.6) were inferred 
from stomping test (described in Section 4.4). When stomping tests were carried out, the 
first stomping was stopped at the same penetration depth with that of initial penetration 
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(i.e., at 4.6 m), instead of stopping at the same target preload pressure. Therefore, the 
available VHM data were only available up to 4.6 m measured with respect to spudcan 
LRP. Nevertheless, from this depth onwards, the preload penetration can be extrapolated. 
Critical reinstallation offset can be evaluated from the maximum H and M forces. It can be 
seen that the critical offset is at 0.75D where peak H and M forces occurred. As the 
spudcan was reinstalled further away from the footprint, the induced H and M forces 
become insignificant. Consistent with the test results for NC clay, the forces at 1.50D 
offset are practically negligible. Unlike reinstallation in NC clay, it can be seen that the H 
and M forces increased rapidly at the beginning of penetration, reaching peak forces at 
shallow penetration depth. When the spudcan LRP was at mudline level (i.e., zLRP = 0 m), 
the spudcan at 0.25D to 0.75D offset were supported partially on the seabed and partially 
on the footprint crater.  
Coupling with stronger soil at the seabed side and empty space inside the crater, the 
spudcan hence tends to slide into the footprint and concurrently rotating towards the 
footprint. Therefore the peak H and M forces occurred shortly when the spudcan 
approached the depth of footprint crater. As mentioned earlier, the observed crater depth 
was around 2 m and the peak H forces for almost all the offsets were located at this depth. 
The peak M forces however occurred slightly earlier at about 1.5 m depth. As the spudcan 
penetrated further beyond the depth of footprint crater, the H and M forces were 
approximately in steady state and then decreased as the spudcan passed the depth of initial 
installation.  
The location of peak forces in OC clay is in contrast with that of NC clay. The former one 
occurred at shallow penetration depth while the latter one at greater depth. Thus, it can be 
concluded that seabed depression dominates the behaviour of spudcan reinstallation in 
heavily OC clay (i.e. stiff clay). The spudcan would probably slide into the footprint at the 
beginning of penetration. In connection to this response, mitigation measures effective for 
this situation are probably those techniques that are capable of flattening the seabed 
depression or remoulding the stiff soil on the ground surface to a degree that is equivalent 
to the footprint soil shear strength. 
Current test results can be compared with existing works done by Stewart and Finnie 
(2001) and also Gan (2009). In both experiments, OC clay with medium stiff to stiff 
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undrained shear strength was used. Summary of test results from Stewart and Finnie 
(2001) is already shown in Figure 2.10. It can be seen that the current test results are 
generally consistent with previous studies with peak forces occurring at shallow 
penetration depth. Furthermore, it has also been established that peak forces occurred at 
offset distances between 0.50D to 1.0D, as apparent from current model tests and previous 
studies. 
4.3.3 Failure Mechanisms of Spudcan Reinstallation in Stiff Clay 
To further understand governing failure mechanisms for spudcan-footprint interaction in 
stiff clay (or OC clay), centrifuge test with imaging processing system was conducted. A 
rectangular container aluminium box with front Perspex window was fabricated. Also, a 
half model spudcan of the same diameter (i.e. 10 m prototype scale) was also fabricated for 
this model test. The clay sample was subjected to 600 kPa preloading pressure following 
procedure described in Chapter 3.5.1 in order to achieve very similar undrained shear 
strength profile of OC clay used in full spudcan tests. 
After the clay sample has been preloaded to 600 kPa, the front Perspex window was 
dismantled so that black colour ‘flock’ particles can be spread across the clay front surface. 
This is necessary for providing high contrasting colour for the white kaolin clay. A digital 
still camera (1600 x 1400 pixel resolutions) was mounted on the centrifuge testing 
platform to capture images at desired intervals during in-flight testing of spudcan 
reinstallation next to existing footprint. The experimental setup for the PIV test is shown in 
Figure 4.9. 
Deformation of soil sample during spudcan initial installation and reinstallation can then 
be evaluated by tracking the movements of the flock particles through sequential images 
captured during the test. To do so, a technique called Particle Image Velocimetry (PIV) 
together with the software GeoPIV8 was used to analyse images such that the image space 
can be converted to object space. Details of this PIV technique and GeoPIV8 software are 
given by White et al. (2003) and White and Take (2002), respectively.  
One test of PIV for spudcan reinstallation at 0.50D offset in stiff clay was performed. 
Results of PIV analysis are presented in sequential events during spudcan initial 
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penetration, extraction and then reinstallation, as shown in Figures 4.10 to 4.12, 
respectively, in the form of velocity displacement vectors.  
General bearing capacity failure (e.g., Vesic, 1975) was observed during spudcan initial 
installation at touch town level (Figure 4.10). As expected, symmetrical uniform bearing 
pressure with clearly defined slip planes can be seen from the velocity vectors beneath the 
spudcan. When the spudcan penetrated deeper, the general bearing capacity failure 
mechanism was maintained throughout the penetration depth until reaching target preload 
pressure of 450 kPa. At the last stage of penetration, the velocity vectors did not reach the 
ground surface. Furthermore, from the vectors trajectory, it can be seen that the influence 
zone was constrained to about 1.0D from the spudcan centre line. Owing to stiff undrained 
shear strength, stable cavity was observed throughout the penetration depth. 
Afterward, the spudcan footing was extracted (Figure 4.11). Reverse general bearing 
capacity failure mechanism was observed during spudcan extraction. This is because 
suction force has developed beneath the spudcan footing (Purwana, 2007). As the spudcan 
was extracted further, the suction force was maintained between the spudcan and the 
underlying soil. Only after the spudcan reached the ground surface, breakout failure was 
observed at about 2 m (~0.2D) beneath the seafloor. This observation of footprint cavity 
depth is consistent with the full-spudcan test reported earlier. Footprint with about 1.2D 
diameter was then formed on the seabed. 
The same model spudcan was then reinstalled overlapping the footprint at offset distance 
of 0.50D (Figure 4.12).  At touch down level, the spudcan footing was partially supported 
on the seabed, while the other half on the footprint crater. Ground reaction was mobilised 
only at one side of the spudcan; therefore, the resultant of this bearing pressure was not at 
the centre of the footprint, resulting in eccentric and inclined ground reaction acting on the 
spudcan. In connection to this mechanism, horizontal force and bending moment would 
then develop, as can be seen from the VHM responses shown in Figure 4.8. 
As the spudcan penetration passed the footprint crater, non-uniform velocity vectors was 
still observed underneath the spudcan. The vectors were predominantly acting towards the 
footprint, signifying that the spudcan sliding into the existing footprint. This response is 
also due to soil heterogeneity in the vicinity of the footprint. At this stage, the initial stable 
cavity wall started to collapse, particularly on the footprint side with remoulded shear 
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strength as compared to the opposite side with intact strength. Gradual transformation from 
non-uniform velocity vectors to approximately uniform velocity vectors was observed as 
the spudcan penetrated beyond the maximum depth of initial installation. At this stage, it 
could be expected that the soil shear strength underneath the spudcan was more or less 
uniform. Localised soil flows were observed at the both edges of spudcan footing. 
Moreover , the induced horizontal force and bending moment at this stage were expected 
to decrease, as apparent from the full-spudcan test reported in previous section.      
4.3.4 Evaluation of Bearing Capacity Factor 
The load-penetration response during spudcan penetration can be presented in term of 
bearing capacity factor (Nc) by normalising the net vertical spudcan force (Vnet) with 
spudcan footing area (A) and undrained shear strength at the spudcan base level (su). 
Figure 4.13 shows the bearing capacity factor deduced from initial installation in both NC 
and OC clays. The net vertical force (Vnet) was calculated by taking into account of the 
submerged weight of any backfill onto the spudcan and also the soil buoyancy below the 
spudcan bearing area. Also shown in the figure are the bearing capacity factors from 
Skempton (1951), Houlsby and Martin (2003), Hossain and Randolph (2009) and Kong 
(2012). 
Industry guidelines SNAME (2008) recommended bearing capacity factors from 
Skempton (1951) and Houlsby and Martin (2003) to be used in practice. However, 
Skempton’s recommendation was derived based on foundation on ground surface with an 
uniform shear strength. Foundation roughness, shape and the effects of increased shear 
strength with depth are not accounted for. Houlsby and Martin (2003) derived tabulated 
theoretical lower bound Nc for conical base foundation as a function of cone base 
roughness (), cone angle (), strength non-homogeneity factor (kD/sum) and embedment 
ratio (zLRP/D). It can be seen from Figure 4.13 that Nc factor from SNAME (2008) appears 
as lower bound solution with current experiment in NC clay generally consistent with that 
of model tests by Kong (2012). 
Hossain and Randolph (2009) employed Large Deformation Finite Element (LDFE) 
analysis by taking into account the effects of strain rate () and strain softening (95) on the 
bearing capacity factor (Nc) of spudcan foundation. The result for ideal soil (rigid plastic 
Tresca model) is shown in Figure 4.13 and appears as the upper bound solution. Taking 
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into account strain rate and strain softening, the Nc factors are generally lower than that of 
ideal soil (Hossain and Randolph, 2009). The deduced Nc factors from current experiment 
for both NC and OC clay are in between SNAME (2008) and Hossain and Randolph 
(2009) solutions. Note that the Nc factor for OC clay was generally higher than that of NC 
clay. This is because no backflow was observed during the spudcan penetration up to the 
target preload pressure, as explained in Section 4.3.3. Therefore, had the spudcan 
penetrated further till backflow occurred, the Nc factor would probably have reduced, 
approaching the resistance factor of NC clay. 
It is interesting to deduce the penetration resistance factor for spudcan footing during 
reinstallation close to existing footprint. The penetration resistance during spudcan 
reinstallation was normalised by the intact undrained shear strength. Therefore, the 
deduced Nc would capture the effects of highly variable soil in the vicinity of the footprint 
during spudcan reinstallation. Figures 4.14 and 4.15 present the bearing capacity factor for 
spudcan reinstallation at various offsets in both NC and OC clays, respectively. It is 
apparent that significant reduction in Nc factors was observed for spudcan reinstallation at 
offset distances of 0.25D to 1.0D. As the spudcan was reinstalled at 1.50D offset, the 
effect of footprint was marginal with the Nc factor during reinstallation resembled that of 
initial installation. 
4.3.5 Summary of Model Test Results 
The summary of peak forces as a function of offset distances from 0.25D to 1.50D are 
presented in Figures 4.16. A trend line can be drawn between the points of peak force and 
it can generally be observed that the peak forces occurred at 0.50D offset for NC clay and 
0.50D to 1.0D offset for OC clay. The peak forces for OC clay were generally higher than 
the results for NC clay.  
The location for critical offset observed in this experiment is generally consistent with 
previous findings from Stewart and Finnie (2001), Cassidy et al. (2009) and Gan (2009) as 
can be seen from the comparisons of current test results with existing studies in Figure 
4.17. In general, larger spudcan diameter induced larger horizontal force and bending 
moment. It is evident that reinstalled spudcan at offsets between 0.25D to 1.0D is 
problematic. To avoid spudcan-footprint interaction, the location for reinstallation should 
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be at 1.50D or beyond. However, footprint avoidance is not always possible due to site 
constraints in positioning the jack-up rig with respect to existing well head platform.      
4.4 Efficacy of Stomping as Mitigation Measure 
As shown in Figure 1.6, stomping is considered an effective mitigation measure for 
spudcan-footprint interaction. Out of 137 data sets collected by GM-Fugro (2003), 
stomping accounted for 11% among all remediation strategies adopted. When collecting 
this data set, there was confusion between the terminologies of “stomping” and “reaming 
or leg-working”. Clarifications were sought afterward; but were not possible in many 
cases. Reaming or leg-working accounted for 26%. Therefore, between the two techniques, 
stomping and reaming accounted for 37% of all remedial measures.  
In this thesis, stomping is not the same as reaming. Stomping, according to Jardine et al. 
(2001), is defined as a process where the footings are initially emplaced further from the 
centre of the old footprint than the intended position, and are then used to displace soil 
toward the old footprint. In other words, stomping involves two or more spudcan 
installation. The first location for spudcan installation is not the intended position to place 
the jack-up rig, but the stomping position. Furthermore, it was reported that stomping 
operations are generally conducted with the hull in water, and normally with some preload 
to be taken on board. Stomping technique is illustrated in Figure 2.19. 
On the other hand, reaming or working the leg is defined as a technique that involves 
forcing the legs into position by incremental vertical reciprocation (downward and upward 
movements of the leg) to penetrate the spudcan(s) at the desired position (GM-Fugro, 2003 
and BASS-OTD, 2005). In contrast to stomping, reaming involves cyclic penetration of 
spudcan, extracting and installing the spudcan at certain stroke and frequency. More 
discussion on reaming will be presented in Chapter 6.  
To date, no systematic investigation was conducted to study the efficacy of stomping 
technique. Therefore, this study aims to provide a rational basis in evaluating stomping 
technique as possible effective mitigation measure in both soft and stiff clay. Two types of 
stomping were investigated in this project, single stomping and double stomping.  
Furthermore, stomping with or without preloading was also considered. Table 3.6 provides 
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the list of stomping tests conducted. A total of 9 tests involving single and double 
stomping as well as time effect were conducted. 
In single stomping tests, stomping was carried out further away from the footprint, ranging 
from 1.0D to 1.5D. After stomping was performed, the spudcan was then reinstalled at the 
target location ranging from 0.25D to 0.75D. The efficacy of stomping was evaluated by 
comparing the induced VHM forces during stomping procedure with that of generic 
reinstallation at the target location. For example, single stomping test OC_1.25D_0.50D 
should be compared with that of OC_SP_SP_0.50D (see nomenclature of test in Section 
3.7). The induced VHM forces during stomping at 1.25D should be compared with that of 
VHM forces during reinstallation at 0.50D. The stomping strategy can be deemed effective 
if the induced VHM forces during stomping are significantly smaller than that of generic 
reinstallation. 
In double stomping technique, stomping at two locations was carried out before reaching 
the target reinstallation position. For example, double stomping test 
OC_1.5D_0.75D_0.25D involved first stomping at 1.5D offset and second stomping at 
0.75D offset before the spudcan was reinstalled at 0.25D offset. The efficacy of this test 
was evaluated by comparing the VHM forces during stomping at 1.5D and 0.75D offsets 
with that of generic reinstallation at 0.25D offset. 
Typically, preloading is carried out during stomping. The purpose of preloading during 
stomping is to install the spudcan up to the maximum depth of initial installation hence 
creating symmetric in penetration depth between the existing footprint and stomping. In 
almost all tests, stomping (single and double) was carried out up to the maximum depth of 
initial installation; in other words, preloading was taken on board. To investigate the 
effectiveness of stomping without preloading, two tests were carried out with stomping not 
carried out up to the depth of initial penetration. 
4.4.1 Stomping in Soft Clay 
Two stomping tests were conducted in soft NC clay (see Table 3.6), namely tests 
NC_1.25D_0.50D_0.25D and NC_1.50D_0.50D_0.25D. In both experiments, the target 
reinstallation position was at 0.25D offset. Though the above two tests were intended for 
double stomping, it can however be also considered as single stomping by treating the first 
Chapter 4 Generic Reinstallation and Stomping as Mitigation Measure 
4-16 
reinstallation position as the location for single stomping and the second position as target 
reinstallation. For instance, tests NC_1.25D_0.50D and NC_1.50D_0.50D were single 
stomping tests with stomping at 1.25D and 1.50D offsets, respectively. The target 
reinstallation for both tests was the same at 0.50D offset. Figure 4.18 illustrates the plan 
view of all tests conducted for NC clay. The results for inferred ‘single’ stomping are first 
presented followed by results for double stomping. VHM responses during spudcan 
extraction are ignored in all the plots. 
4.4.1.1 Single Stomping Technique 
Figures 4.19 and 4.20 present the results of inferred single stomping tests, 
NC_1.25D_0.50D and NC_1.50_0.50D. The VHM response for generic reinstallation at 
0.5D offset is also shown in the figures for comparison. The efficacy of stomping is 
evaluated by comparing the induced horizontal force and bending moment during 
stomping process at 1.25D or 1.50D offsets with that of generic reinstallation at 0.5D 
offset.  
It has been established from the reference test results (Section 4.3) that the VHM response 
for spudcan reinstalled in normal consolidated clay is primarily controlled by soil shear 
strength heterogeneity rather than footprint geometry. Spudcan installation in soft clay 
usually involves deep penetration; therefore the highly variable soil shear strength causes 
the inclined and eccentric loads to increase gradually from small magnitude at the 
beginning of penetration to maximum forces at greater depth. Such response is observed 
for spudcan reinstalled generically at 0.25D to 1.0D offsets. Beyond 1.25D offset, the 
spudcan-footprint interaction is relatively insignificant (see Figure 4.7). This deep 
penetration footing response therefore suggests that mitigation measures capable of 
reducing the soil shear strength heterogeneity within the footprint influence zone such as 
stomping would alleviate the spudcan-footprint interaction problem.    
Figure 4.7 reveals that spudcan reinstalled at 1.25D and 1.50 offsets induced relatively 
small horizontal force and bending moment. Even as the spudcan penetrated deeper, the 
induced forces were approximately constant and reduced to almost zero. This is because at 
1.25D to 1.5D offsets, the highly variable soil only constrained at the upper depth of about 
0.5D (~5 m). Shortly after this, virgin soil is encountered (Gan et al., 2012). Therefore, it 
is logical to perform stomping either at 1.25D or 1.50 offset in soft clay. 
Chapter 4 Generic Reinstallation and Stomping as Mitigation Measure 
4-17 
From single stomping test results presented in Figures 4.19 and 4.20, the vertical bearing 
capacity for spudcan reinstalled at 1.25D and 1.50D offsets were remarkably comparable 
with that of initial installation. This again implies that spudcan-footprint interaction at 
these offsets is insignificant. The induced horizontal force and bending moment during 
stomping at these offsets are therefore expected to be small, as evident from the figures. 
Comparing with the generic reinstallation without stomping at 0.5D offset, the induced H 
and M forces for stomping at 1.25D and 1.5D were significantly smaller. Furthermore, 
after the stomping was carried out, the induced H and M forces during reinstallation at 
0.5D target offset were practically zero and much smaller than the generic reinstallation 
without stomping. In summary, this evidence suggests that for spudcan to be reinstalled at 
0.5D target offset in soft clay, single stomping carried out either at 1.25D or 1.5D offset is 
very effective in mitigating the spudcan-footprint interaction. 
The reason for the effectiveness of stomping location at either 1.25D or 1.50D offset can 
be further explained by referring to the study by Gan et al. (2012) concerning the mapping 
of soil shear strength variation across a footprint, as depicted in Figure 4.21 for easy 
reference.  After the footprint formation with or without operational period (OP) and 
depending on whether there was elapsed time (ET) or not, insitu tests using mini-ball 
penetrometer were then performed to measure the undrained shear strength profiles. Figure 
4.21 shows the contours of normalised shear strength (Rsu) of footprint in NC clay for 
different OP and ET durations. Only Figure 4.21(a) is relevant to the current discussion. 
With relatively short elapsed time, no significant dissipation of excess pore pressure had 
taken place. Therefore, the contours of normalised shear strength in Figure 4.21(a) can be 
used to reflect the soil heterogeneity condition in the current experiment. 
Figure 4.21(a) shows that the footprint crater is measured up to 1.5D from the centre of the 
footprint with remoulded zone extended up to 0.5D depth. Furthermore, at greater depth, 
the lateral extent of soil remoulding is confined up to 0.75D radius from the centre of the 
footprint. The soil column within 0.5D radius from the footprint centre is fully remoulded. 
Beyond 0.75D radius, insitu shear strength is encountered. In summary, the highly soil 
variable is much wider at the ground surface, stretching to a distance of 1.50D laterally and 
0.5D vertically. However, at greater depth, this soil variability is confined to within 0.75D 
radius. 
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Figure 4.22 superimposes the positions of spudcan during stomping as well as 
reinstallation on this normalised shear strength contour.  It can be seen that stomping at 
1.25D or 1.50D offset is deemed effective with noticeable spudcan-footprint interaction 
only from the mudline level to the penetration depth of 0.50D (~ 5 m) attributed to the 
highly variable soil at this penetration depth. Shortly after this, virgin ground with 
homogenous soil shear strength is encountered and it is expected that the induced H and M 
forces would then be negligible and reduce to zero. Results of stomping presented in 
Figures 4.19 and 4.20 clearly reflected this behaviour.  
In summary, single stomping performed at 1.25D or 1.50D offset is effective in mitigating 
spudcan-footprint interaction. Succeeding this stomping step, the subsequent step of 
reinstalling spudcan, in this instance, at 0.5D target offset, would yield negligible spudcan-
footprint interaction because of essentially homogeneous remoulded soil within the target 
location for spudcan reinstallation.  
4.4.1.2 Double Stomping Technique 
Results for two tests involving double stomping strategy in NC clay are presented in 
Figures 4.23 and 4.24. The test result shown in Figure 4.23 is for double stomping 
NC_1.25D_0.50D_0.25D, which involved two locations of stomping, 1.25D and 0.50D, 
before approaching the target offset at 0.25D. Similarly, the test result shown in Figure 
4.24 is for double stomping NC_1.50D_0.50D_0.25D involving two stomping locations, 
1.50D and 0.50D, before reinstallation at 0.25D target offset. In both tests, the target 
reinstallation position was similar at 0.25D offset, with different location of first stomping 
(see Figure 4.18).  
Description of VHM responses during the first and second stomping for both tests has 
been presented earlier and inferred as “single” stomping tests. Therefore, no further 
explanation is given here for the induced forces during stomping. Explanation is only 
made for the footing response during reinstallation at target offset of 0.25D. For 
comparison, the spudcan VHM response for generic reinstallation without stomping at 
0.25D offset is also shown (see Figures 4.23 and 4.24). It can be seen that the induced 
horizontal force and bending moment during both double stomping tests were much 
smaller than the generic reinstallation without stomping at 0.25D offset. Therefore, both 
stomping strategies are deemed very effective. 
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Furthermore, subsequent to double stomping procedure, spudcan reinstallation was carried 
out at 0.25D target offset. As clearly shown, the induced VHM forces on spudcan footing 
reinstalled at 0.25D offset were substantially reduced as compared to that of generic 
reinstallation without stomping at 0.25D. This is attributed to the homogenisation of highly 
variable soil due to stomping.  
Both figures show that the induced H and M forces for spudcan reinstallation after 
stomping were in negative direction throughout the repenetration depth. Negative forces 
indicate that the spudcan is resisting horizontal force acting away from the footprint and 
bending moment rotating away from the footprint. With respect to spudcan movement, 
negative forces imply that the spudcan moves away from the footprint. These negative 
forces are not unusual. This is because new fresh made footprint was formed by the 
stomping; therefore, the spudcan inclined to move toward this newly formed footprint 
instead of towards ‘old’ footprint.     
In summary, these two tests for double stomping suggest that to reinstall spudcan at 0.25D 
target offset, both stomping strategies are very effective in dealing with spudcan-footprint 
interaction problem. However, comparison cannot be made with the effectiveness of single 
stomping because no test is available for single stomping with reinstallation target offset at 
0.25D. Nevertheless, it can be approximately inferred from the above test results coupled 
with the soil shear strength mapping shown in Figure 4.22 that single stomping may also 
be effective for spudcan reinstallation at 0.25D target offset. This is provided that the 
stomping is carried out at 1.25D offset, not 1.50D. As shown, stomping at 1.25D offset 
yielded relatively insignificant H and M forces on the spudcan. Stomping at this location 
as shown in Figure 4.25 would probably remould the soil within the radius of 0.75D from 
the centre of stomping position; that is to the extent of 0.50D from the footprint centre. 
Therefore, reinstalling the spudcan at 0.25D target offset after single stomping procedure 
at 1.25D offset would probably be effective. 
Had the single stomping been carried out at 1.5D offset, the efficacy may be less than the 
1.25D offset. Assuming that the zone of remoulded soil column is 0.75D radius (Gan et al., 
2012), the lateral extent of remoulded zone would therefore be measured up to 0.75D from 
the footprint centre. Between 0.50D and 0.75D offsets from the footprint centre, the 
presence of highly variable soil is probably still substantial. Further tests are needed to 
confirm this hypothesis.    
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4.4.2 Stomping in Stiff Clay 
In total, seven (7) tests were carried out on stomping in OC clay. Details of the tests are 
presented in Table 3.6 with plan view of each test illustrated in Figure 4.26 for single 
stomping and Figure 4.27 for double stomping.  
4.4.2.1 Single Stomping Technique 
Only two single stomping tests were performed in OC clay. However, similar to tests in 
NC clay, there were another two tests for ‘single’ stomping inferred from double stomping 
tests. As such, four results for single stomping are reported in this study. It should be 
mentioned here that the VHM responses for spudcan reinstallation for inferred ‘single’ 
stomping tests were only available up to the maximum depth of footprint (or stomping). 
This is because the so called “reinstallation” (or second stomping position for double 
stomping test) was only performed to the maximum depth of initial installation, not up to 
the target preload pressure of 450 kPa. Nevertheless, the results can still be used 
reasonably to evaluate the efficacy of single stomping in stiff clay. 
Figures 4.28 and 4.29 present the footing response for two stomping tests, 
OC_1.0D_0.50D and OC_1.25D_0.50D. Stomping was carried out at offsets 1.0D and 
1.25D, respectively, with spudcan reinstallation at 0.50D offset for both tests. At 0.5D 
offset, the results for generic reinstallation of spudcan presented in Section 3.3.3 
established that the footprint geometry controlled the footing response rather than soil 
heterogeneity. The peak horizontal force and bending moment occurred at shallow 
installation depth when the spudcan approached the toe of footprint crater (see Figure 4.8). 
Therefore, it is important to eliminate the effect of footprint crater (or uneven seabed) 
before reinstalling the spudcan at this offset. 
The preload pressure (V/A) response during stomping shown in Figures 4.28 and 4.29 
indicated that there was still substantial spudcan-footprint interaction at these offsets, 1.0D 
and 1.25D. Owing to soil remoulding at these locations, the preload pressure (V/A) was 
lower than the initial installation. This observation also indicated that the zone of soil 
remoulding was probably wider in stiff clay as compared to soft clay presented earlier. For 
soft clay soil, stomping carried out at 1.25D offset exhibited insignificant spudcan-
footprint interaction (see Figure 4.8), therefore making this location suitable for stomping.  
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Referring to the induced horizontal force and bending moment during stomping  in both 
tests, it can be clearly seen that, at 1.0D and 1.25D offsets, highly variable soil condition 
controlled the footing response. From the beginning of installation, the induced forces 
gradually increased. Even as the spudcan penetrated further approaching the final initial 
installation depth, there was no distinct peak forces observed. This behaviour is in contrast 
to reinstallation at 0.25D to 0.75D offsets where footprint geometry controlled the footing 
response with distinct peak forces occurred at penetration close to the toe of footprint 
crater. Moreover, stomping at 1.0D and 1.25D offsets induced quite large H and M forces, 
slightly lower or comparable with the generic reinstallation at 0.5D target offset. Because 
of this rather comparable force during stomping, this location is therefore unsuitable for 
stomping.  
The reason that stomping at 1.0D and 1.25D offsets in OC clay is not suitable can be 
related to the soil shear strength mapping for footprint in OC clay reported by Gan et al. 
(2012). In addition to the soil heterogeneity mapping in NC clay shown in Figure 4.21, 
Gan et al. (2012) conducted similar study for OC clay with different operational periods 
and elapsed times. The normalised shear strength contours are presented in Figure 4.30. 
The contour relevant to current study is Figure 4.30(a), which reveals the contour with 
relatively short elapsed time (~1 year).  
Before discussing the shear strength contours, it is important to appreciate the difference in 
undrained shear strength profile between current experiments with that of Gan et al. 
(2012). Both were Kaolin clay, but in Gan et al. (2012), the undrained strength was much 
lower, with strength profile approximated by linear relationship su = 5 + 1.8z kPa, where z 
is the depth below mudline. On the other hand, the undrained strength profile in current 
experiments was fitted by a power law relationship, su = 17z
0.55
 kPa, approximately three 
times higher than that of Gan et al. (2012). The difference in fitting relationships is due to 
different methods of sample preparation, with Gan et al. (2012) by in-flight surcharge and 
consolidation at 300g, while in current experiment by surcharge at 1g. Nevertheless, in 
absence of accurate contours for current experiment, the results from Gan et al. (2012) can 
be reasonably used because both samples approximately shared similar stress history. 
As shown in Figure 4.30(a), it is apparent that the highly variable soil zone is much wider 
as compared to remoulded soil contours in NC clay (see Figure 4.21). The zone of 
remoulding zone in OC clay is measured up to 1.25D radius from the footprint centreline, 
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while in NC clay it is only up to 0.75D radius.  Figures 4.31(a) and (b) show the location 
of test OC_1.0D_0.5D and OC_1.25D_0.5D with respect to this remoulded strength 
contour. From the test results and these figures, it is evident that spudcan-footprint 
interaction would still be considerably significant up to 1.25D offset. Therefore, 
performing stomping at either 1.0D or 1.25D is not recommended in OC clay. 
After single stomping, the spudcan footing response for reinstallation at 0.50D target offset 
exhibited zero horizontal forces and bending moment. The forces, by far, were 
significantly smaller compared to the generic reinstallation without stomping at the same 
offset. This is because preceding the reinstallation step, the soil had been remoulded by 
stomping. Despite of this zero force during reinstallation, single stomping  was still 
ineffective because, as explained above, the induced forces during stomping were still 
significant or comparable with that of generic reinstallation without stomping. 
Figures 4.31(c) and (d) also show the location of inferred ‘single’ stomping tests, 
OC_1.50D_0.50D and OC_1.50D_0.75D, respectively, with respect to the footprint soil 
strength contours. The associated VHM responses for both tests are given in Figures 4.32 
and 4.33.  For both tests, stomping was performed at the same location of 1.50D offset, 
while the ‘reinstallation’ locations were different, at 0.50D and 0.75D offsets, respectively. 
From remoulded soil strength contours shown in Figures 4.31(c) and (d), it is apparent that 
1.50D offset is a suitable location for performing stomping because the highly variable soil 
is not profound at this location. Marginal spudcan-footprint interaction is probably 
expected at this location, particularly at shallow penetration depth. 
It is evident from preload pressure response (see Figure 4.32) that the spudcan-footprint 
interaction at 1.50D offset is negligible. The preload pressure agreed very well with the 
initial installation, indicating that the soil at this offset was rather homogeneous. It is also 
apparent from the induced H and M that the forces were insignificant. Therefore, stomping 
at 1.50D offset is considered to be a suitable location. 
Following stomping at 1.50D offset, the spudcan was reinstalled at 0.50D target offset (see 
Figure 4.32). The soil was already remoulded during the stomping process; therefore the 
response of preload pressure was much lower than the initial installation, reaching only 
350 kPa capacity at 6.3 m as compared to initial installation, where 450 kPa was achieved 
at the same depth. Only information up to 6.3 m depth was available for this reinstallation 
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with inferred ‘single’ stomping. However, the test results can be carefully extrapolated 
following the gradient of the soil pressure increment shown in Figure 4.32. Had the 
spudcan been reinstalled continuously, the target preload pressure of 450 kPa would have 
been attained at about 8.0 m. 
This single stomping is however only moderately effective. The induced H and M forces 
for reinstallation at 0.5D target offset after stomping were still substantial, particularly the 
bending moment. There was still rapid increment in H and M forces observed at the 
beginning of reinstallation. After the spudcan passed the toe of the footprint, the induced 
forces were approximately constant with depth. Compared with the generic reinstallation 
without stomping, the induced H and M forces were lower by about 35% and 16%, 
respectively. In conclusion, single stomping is not effective for reinstallation at 0.50D 
offset in OC clay. Double stomping appears to be more effective for this case. 
Single stomping is however very effective for spudcan to be reinstalled at 0.75D provided 
that stomping is carried out at 1.50D offset. Figure 4.33 shows that the spudcan footing 
reinstalled at 0.75D after stomping exhibited practically zero horizontal force and bending 
moment. Section 3.3.3 establishes that the critical offset for spudcan generic reinstallation 
is at 0.75D offset as peak H and M forces were observed. Comparing the footing response 
for generic reinstallation without stomping with that of footing response with stomping, it 
is evident that single stomping worked well. The induced forces were significantly reduced 
and practically negligible. This is because a symmetry of two footprints was created (see 
Figures 4.31(d) and 4.26). First, existing footprint is formed by previous spudcan 
installation together with another footprint formed by stomping. The 0.75D offset was at 
the centre between the existing footprint (0D) and the stomping footprint (1.50D). 
Therefore, this symmetry yielded greatly reduced spudcan-footprint interaction at 0.75D 
target offset. 
In conclusion, stomping in OC clay should be carried out at 1.50D offset. Single stomping 
is not effective if the spudcan is to be reinstalled at 0.50D target offset. Double stomping 
needs to be conducted for such case. Single stomping is however very effective if the 
spudcan is to be reinstalled at 0.75D offset. 
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4.4.2.2 Double Stomping Technique 
Results of two tests involving double stomping, OC_1.50D_0.50D_0.25D and 
OC_1.50D_0.75D_0.25D are given in Figures 4.34 and 4.35, respectively. Plan view for 
both tests is illustrated in Figure 4.27. In both tests, the first stomping that penetrated to the 
same depth as the initial installation was performed at 1.50D offset. Negligible spudcan-
footprint interaction was observed at this location. The second stomping position for the 
former test was at 0.50D offset, while for latter test 0.75D offset. Detail explanation 
regarding the spudcan footing response for second stomping has been reported earlier. It 
was observed that second stomping at 0.75D offset was more favourable as compared to 
that at 0.50D offset. The reason for this favourable VHM response has been discussed 
earlier in Section 4.4.2.1. 
The target reinstallation for both tests was at 0.25D offset. Therefore, the efficacy of 
stomping strategy should be evaluated by comparing the induced forces during stomping 
with that of generic reinstallation at 0.25D offset. It can be seen that double stomping 
OC_1.50D_0.50D_0.25D was not effective because the induced horizontal force and 
bending moment during second stomping at 0.50D were comparable with that of generic 
reinstallation without stomping. Even though the induced forces during reinstallation after 
second stomping were significantly smaller than that of generic ones, the strategy was still 
considered ineffective because of reason given above. 
The results of double stomping test OC_1.50D_0.75D_0.25D shown in Figure 4.35 reveals 
that it is very effective if reinstallation is at 0.25D. The observed induced horizontal forces 
and bending moments during two stomping were significantly smaller than that of generic 
reinstallation without stomping. Furthermore, the reinstallation at 0.25D target offset 
resulted in negligible forces, demonstrating the success of stomping.  
Direct comparison for the above double stomping with that of single stomping cannot be 
made because no test for single stomping with reinstallation target offset at 0.25D was 
carried out. However, the results for single stomping, particularly the results for 0.50D 
target reinstallation offset, already showed that single stomping is ineffective. Therefore, it 
can be inferred that single stomping with target reinstallation offset at 0.25D is also 
ineffective. This is because single stomping carried out at 1.50D offset would not be 
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sufficient in minimising soil heterogeneity as well as seabed depression up to the radius of 
0.25D from the centre of existing footprint. Therefore, double stomping is recommended. 
As presented in previous section, single stomping is also inadequate for spudcan to be 
reinstalled at 0.50D target offset. From double stomping test results, particularly test 
OC_1.50D_0.75D_0.25D, it would be expected that this strategy would be effective for 
spudcan to be reinstalled at 0.50D offset. Upon two stomping, first at 1.50D offset and 
second at 0.75D, soil heterogeneity and seabed depression would be less significant up to 
the footprint centre line. Therefore, if double stomping is effective for 0.25D target 
reinstallation offset, the strategy would also be effective for 0.50D target reinstallation 
offset. 
In summary, double stomping is recommended for spudcan to be reinstalled at 0.25D and 
0.50D offsets. The first stomping should be carried out at 1.50D offset and the second 
stomping at 0.75D offset. 
For the double stomping tests reported earlier, stomping was performed by assuming that 
preloading could be carried out on board such that the spudcan could penetrate up to the 
maximum depth similar to initial installation. Moreover, the soil shear strength at 1.50D 
offset resembled intact soil condition with only marginal spudcan-footprint interaction. As 
evident from the load-penetration response, the curve perfectly resembled the initial 
installation response. Therefore, with no preloading conducted on board, the spudcan 
cannot penetrate up to the similar depth of initial installation, unless a heavier jack-up rig 
is used. As a result, the soil heterogeneity will still persist between the stomping depth and 
the footprint depth.  
Performing preloading at each stomping location can however pose additional risk above 
those risk arising from spudcan-footprint interaction. It would therefore be desirable if no 
or marginal preloading is performed during stomping procedure. To investigate this issue, 
two tests of partial double stomping were conducted. Double stomping 
OC_1.50D_0.75D_0.25D was chosen. In the first test, stomping was carried out up to 
about 1.6 m instead of 4.6 m, or 50% depth of initial installation (measured with respect to 
spudcan tip). This test is denoted as OC_1.50D_0.75D_0.25D_50%. On the other hand, in 
the second test, stomping was carried out up to about 3.0 m instead of 4.6 m, or 75% depth 
of initial installation. This test is denoted as OC_1.50D_0.75D_0.25D_75%. 
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The results of partial stomping tests are given in Figures 4.36 and 4.37. It is evident that 
the induced horizontal force and bending moment for stomping at 1.50D were, as 
expected, relatively insignificant. However, second stomping at 0.75D for 50% depth 
induced significant forces (Figure 4.36), comparable with that of generic reinstallation. 
The forces increased rapidly at shallow depth, indicating that the seabed depression 
controlled the footing behaviour. Furthermore, it can be seen that after partial stomping, 
the induced forces during reinstallation were still significant, particularly when the 
spudcan penetrated beyond the stomping depth. At this depth, the soil heterogeneity started 
dominating the footing response. It is therefore evident that this 50% partial stomping is 
not effective.  
With 75% partial stomping (Figure 4.37), the strategy can be considered moderately 
effective. After partial stomping at 1.5D offset, the second partial stomping at 0.75D offset 
yielded lower forces compared to that of 50% scenario. The effect of seabed depression 
was not observed. During reinstallation, the induced forces along the top 3 m (measured 
with respect to LRP) were negligible. However, as the reinstalled spudcan penetrated 
beyond the depth of stomping, the horizontal forces and bending moment increased 
gradually. The forces continued to increase, reaching the peak value as the spudcan 
achieved the target preload pressure of 450 kPa at 6.71 m LRP depth. Between the 
stomping depth to the final reinstallation depth, the soil heterogeneity controlled the 
footing behaviour, indicating that spudcan-footprint interaction occurred at greater depth. 
Compare to generic reinstallation response, the forces for reinstallation with 75% partial 
double stomping were smaller. Therefore, this strategy can be considered moderately 
effective, but not as effective as full stomping. 
In conclusion, partial double stomping up to 50% depth of initial installation is not 
effective. When stomping is carried out up to 75% of initial installation depth, the strategy 
is found to be moderately effective, but spudcan-footprint interaction is still expected at 
greater depth when the reinstalled spudcan penetrates beyond the stomping depth.  
4.4.2.3 Effect of Elapsed Time in Stomping 
All the model tests presented in this project were for immediate reinstallation situation 
after footprint formation. Neither operational period nor elapsed time was considered. It 
would be of interest to study the effect on time, particularly elapsed time, on the spudcan 
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footing response. Jack-up rig typically operates in offshore site for duration as short as few 
days to as long as 2 years. In most cases, shorter operational periods are involved.  
There are usually several months between the time of a jack-up rig revisits a well head 
platform. With time, the remoulded soil will gain strength as consolidation takes place. As 
shown in Figures 4.21 and 4.30 for respective shear strength contours in NC and OC clay, 
the soil spatial variability after 100 years elapsed time becomes much wider in NC clay 
and in contrary, narrower in OC clay. The lateral extent of soil remoulding in OC clay for 
short elapsed time (see Figure 4.30(a)), as explained earlier, is measured up to 1.25D. 
However, as consolidation takes place, the highly variable soil zone after 100 years 
elapsed time is constrained up to 0.75D radius with still significant soil heterogeneous 
zone for the top 0.2D depth up to 1.25D radius. Therefore, based on this observation, it can 
be deduced that elapsed time in OC clay has beneficial effect in minimising spudcan-
footprint interaction. 
Figure 4.38 shows the test results for single stomping OC_1.25D_0.50D with 10 years 
elapsed time. In other words, stomping was carried out 10 years after the footprint was 
formed. In centrifuge modelling, 10 years prototype scale is equivalent to 8.76 hours in 
model scale at 100g. For comparison, identical set of results for generic reinstallation with 
0 year elapsed time (i.e. immediate reinstallation) were also plotted. It can be seen that the 
preload pressure responses during stomping at 1.25D offset as well as during reinstallation 
at 0.50D target offset were higher than that for zero elapsed time. Furthermore, the induced 
horizontal force and bending moment also confirmed previous hypothesis, where time 
effect is beneficial. The induced forces after 10 years elapsed time for stomping were 
about 20% - 30% smaller than the stomping forces with 0 year elapsed time. 
However, regarding the effectiveness of a stomping procedure after substantial elapsed 
time takes place, it can be seen that stomping was less effective. The induced forces at 
reinstallation after 10 years elapsed time were slightly larger than that without elapsed 
time. This is because the strength of remoulded soil within the old footprint has increased 
while the stomping footprint was just recently remoulded. Therefore, there is still 
substantial soil heterogeneity in the vicinity of the footprint.  
Comparison with generic reinstallation cannot be made because no test is performed for 
generic reinstallation with elapsed time. But, it is probably expected that the induced 
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forces for generic reinstallation at 0.5D after 10 years elapsed time would be smaller than 
that of immediate reinstallation. Further studies are needed to understand the effects of 
time on stomping technique. 
4.5 Concluding Remarks 
This section presents the results of centrifuge model tests on spudcan-footprint interaction 
in both soft clay and stiff clay. From these tests, two primary spudcan footing responses 
were found. First, soil heterogeneity controls the response of spudcan during deep 
reinstallation in soft clay. Peak horizontal force and bending moment occurred at greater 
penetration depth, indicating that spudcan-footprint interaction became severe as the 
reinstalled spudcan penetrated deeper. Second, footprint geometry (cavity) governs the 
spudcan reinstallation in stiff clay. Peak horizontal force and bending moment developed 
rapidly at shallow depth before spudcan reached the base of cavity. Current test results for 
generic spudcan reinstallation close to existing footprint are also consistent with existing 
works where critical offset ratio, at which peak forces developed, is at offsets between 
0.50D to 1.0D.  
To minimise spudcan footprint interaction,  mitigation measure is needed such that the 
effects of highly variable soil and footprint geometry can be alleviated. This section 
investigated stomping technique as mitigation measure. Single stomping and double 
stomping were systematically investigated using model tests in both soft and stiff clay. It 
was found that stomping is very effective in mitigating spudcan footprint interaction in 
both clays provided that appropriate stomping strategy is adopted. For reinstallation in soft 
clay, single stomping is sufficient. However, for stiff clay, double stomping is required, 
except for the target offset of 0.75D. After stomping, the induced horizontal force and 
bending moment during reinstallation were relatively insignificant as compared to that of 
generic reinstallation. In summary, the centrifuge model tests for stomping presented in 
this chapter provide a rational basis in evaluating the efficacy of stomping in tackling 
spudcan-footprint interaction.  
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Figure ‎4.4: Repeatability of Experiment Tests from Load-Penetration Response at First 




Figure ‎4.5: Repeatability of VHM Response for Generic Reinstallation of Spudcan Footing at 
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Figure ‎4.6: Repeatability of VHM Response for Generic Reinstallation of Skirted Flat 
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Figure ‎4.7: Summary of VHM Responses for Generic Reinstallation Using Spudcan Footing 
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Figure ‎4.8: Summary of VHM Responses for Generic Reinstallation Using Spudcan Footing 
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Figure ‎4.9: Experiment Setup for PIV Test 
  







Figure ‎4.10: Velocity Vectors during Spudcan Initial Installation in OC Clay at shallow 
depth, intermediate depth and final depth 
 







Figure ‎4.11: Velocity Vectors during Spudcan Extraction until Footprint Formation in OC 
Clay 







Figure ‎4.12: Velocity Vectors during Spudcan Reinstallation at 0.5D Offset in OC Clay 
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Figure ‎4.13: Comparison of Bearing Capacity Factor (Nc) 
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Figure ‎4.16: Summary of Peak Forces from Generic Reinstallation Model Tests 






Figure ‎4.17: Comparison of Peak Forces from Current Model Tests with Existing Works 
  





















Inferred from above double stomping test 
 
































































































































































































































































Figure ‎4.21: Contours of Normalised Shear Strength Variation Across a Footprint in NC 
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Figure ‎4.22: Positions of Stomping and Reinstallation with Respect to Footprint Shear 
Strength Contour (a) Test NC_1.25D_0.5D and (b) Test NC_1.50D_0.5D 
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Figure ‎4.25: Hypothetical Case for Single Stomping at 1.25D and Reinstallation at 0.25D 
Target Offset 
  





















Inferred from double stomping test 
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Figure ‎4.30: Contours of Normalised Shear Strength Variation across a Footprint in OC 








Figure ‎4.31: Positions of Stomping and Reinstallation with respect to Footprint Soil Strength 
Contour (a) Test OC_1.00D_0.50D, (b) Test OC_1.25D_0.50D, (c) Test OC_1.50D_0.50D, and 
(d) Test OC_1.50D_0.75D 
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Figure ‎4.38: VHM Responses during Single Stomping Test OC_1.25D_0.50D with Time 
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CHAPTER 5 JACK-UP REINSTALLATION USING SKIRTED FLAT 
FOOTING 
5.1 Introduction 
Traditionally, skirts are provided around the periphery of foundation to transfer loads to 
deeper, stronger soil and also to improve foundation lateral capacity. Particularly, offshore 
developments in North Sea have popularised skirt as foundations for various types of 
offshore platforms either in shallow or deep water to sustain harsh environmental 
conditions.  Notably was Gullfaks C platform, installed in 1989, where deep-skirted 
gravity base foundation (Condeep) was employed first time using suction to assist 
installation (Tjelta, 1993). Since then other variety forms of skirted foundation with 
suction assisting installation, such as concrete buckets for Tension Leg Platform (TLP) and 
steel buckets for jacket structure, have been used (Christophersen, 1993; Stove et al., 1992; 
Bye et al., 1995). 
Improving foundation capacity of jack-up unit has also been explored by providing skirt 
around the periphery of conventional spudcan footing with inverted conical base shape 
(Svano and Tjelta, 1993; Jostad and Andersen, 2006). Primary purpose of using skirted 
spudcan is to increase the foundation stiffness (popularly known as ‘fixity’) of jack-up unit 
in sustaining harsher environment load; hence, increasing the environmental rating of the 
rig to be used in deeper water. For instance, owing to stiff to hard clay and dense sand 
conditions in North Sea, spudcan embedment is typically shallow. Particularly in sand, full 
bearing contact of spudcan largest base with soil seabed is rare even after preloading. The 
foundation is further exposed to scour and erosion. As such, the capacity of foundation to 
resist horizontal and overturning actions become a major issue. Skirted spudcan is 
therefore proposed to increase the foundation fixity in such conditions (Svano and Tjelta, 
1993).  
In recent years, the concept of improved foundation principle using skirted spudcan has 
attracted attentions for it to be used in minimising foundation risks (Figure 1.4) associated 
with jack-up installation, such as punch-through and footprint. The efficacy of skirted 
spudcan to mitigate the above hazards has yet been fully established. This section therefore 
presents investigation using centrifuge model tests on skirted flat footing as possible 
mitigation measure to tackle spudcan-footprint interaction in both soft and stiff clay. 
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Discussion of skirted footing is first introduced in the context of foundation for jack-up rig 
followed by presenting test results of jack-up reinstallation using skirted flat footing close 
to existing footprint. Comparison of current test results with existing publications is then 
presented along with the evaluation of the efficacy of skirted flat footing to alleviate the 
problem of spudcan-footprint interaction. 
5.2 Skirted Flat Footing as Mitigation Measure 
In general, the presence of skirt around the foundation periphery is to increase the 
foundation capacity to resist vertical, horizontal and overturning actions arising from self-
weight of structure and also waves, currents and winds. The associated displacements, 
such as vertical and lateral displacements and rotations, are also expected to decrease. 
However, these are concerns related to platform unit that is already in operation and 
production phase where continuous environmental actions are imposed on the platform. 
Therefore, it is crucial that the foundation has sufficient capacity in resisting forces 
throughout the operational life or period. 
In contrary to operational phase,  challenges primary arise from seabed conditions during 
installation of jack-up rig. For instance, accurate prediction of spudcan penetration depth is 
itself a major subject. Furthermore, risks associated with spudcan footing installation such 
as punch-through and footprint also pose serious problem to engineers. Rapid spudcan 
penetration in the case of punch-through in stiff material overlying soft material has 
attracted considerable studies in the past decade (Teh et al., 2008; Hossain and Randolph, 
2010; Lee et al., 2013a, 2013b). To mitigate punch-through risk, several remediation 
measures have been proposed such as perforation drilling or Swiss cheesing technique 
(e.g., Chan et al., 2008; Cassidy, 2008; Hossain et al., 2011) and skirted spudcan (Teh et 
al., 2008; Yu et al., 2010; Gan et al., 2011; Hossain et al., 2014; Li, 2014).  
Of particular interest is the provision of skirt around the spudcan periphery to mitigate 
punch-through risk. Taking the advantage of shaft resistance around the outside wall of 
skirt, the vertical capacity of foundation will therefore increase. At punch-through 
situation, conventional spudcan design would penetrate rapidly until force equilibrium is 
achieved between the exerted force and the soil reaction beneath spudcan. This rapid 
penetration could lead to catastrophic damage of the jack-up unit. With skirt foundation, 
rapid punch-through penetration can be effectively reduced. Relationship between the 
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degree of post-peak capacity reduction with length of skirt, diameter of footing and 
thickness of stiff material is important to ensure the effectiveness of skirted footing 
(Hossain et al., 2014).     
Owing to the above mentioned potentials of skirted footing,  some engineers might 
consider skirted spudcan as a mitigation measure for the problem involving spudcan-
footprint interaction (Teh et al., 2006; Gaudin et al., 2007; Kong et al., 2013) during jack-
up reinstallation. As reviewed in Chapter 2, it is still inconclusive as to whether or not 
skirted footing is effective in reducing interaction with existing footprint. The nature of 
spudcan-footprint problem is different from punch-through. In spudcan-footprint 
interaction, the reinstalled footing while penetrating into seabed is constantly subjected to 
inclined and eccentric ground reaction due to seabed depression and soil heterogeneity. 
While, for punch-through problems, the primary issue is the contrasting strength between 
the stiff and soft soil vertically. In other words, vertical resistance of foundation system in 
transiting the bearing capacity from stiff material to soft material becomes important for 
the latter situation. Skirted footing is therefore attractive. 
In contrast, it may be too optimistic to rely on improved vertical capacity of skirted footing 
in resisting horizontal force and bending moment in spudcan-footprint interaction problem. 
The deep wall of skirt and also soil plug confined inside the skirt are expected to mobilise 
passive soil resistance to resist the effects of seabed depression and soil heterogeneity 
while the skirted footing is penetrated. However, this potential is still questionable. A 
series of centrifuge model tests was therefore conducted and the test results are reported in 
this section. Jack-up reinstallation using skirted flat footing was carried out in both soft 
and stiff clay and at offsets ranging from 0.25D to 1.00D.  The list of model tests 
conducted is presented in Table 3.8. A total of 7 tests were performed on skirted footing 
with 4 tests in NC clay and 3 tests in OC clay.  
Two skirt lengths were initially considered in this study: 0.125D and 0.25D, where D is the 
footing diameter. In prototype scale, the skirt lengths for 10 m diameter footing should be 
1.25 m and 2.5 m, respectively. These lengths were regarded as a practical length operable 
for a jack-up rig as a longer skirt lengths would induce larger drag force during towing. 
For this thesis, after discussion with industry practitioners (Appendix A), it was decided to 
only consider 0.25D (i.e., 2.5 m) skirt length. The dimensions and photographs of model 
skirted footing are shown in Figure 3.3. 
Chapter 5 Jack-Up Reinstallation Using Skirted Flat Footing 
5-4 
Efficacy of skirted flat footing in mitigating spudcan-footprint interaction is evaluated by 
comparing the induced VHM forces with those from generic reinstallation reported in 
Chapter 4. Footprint was first created inflight by penetrating spudcan footing to the target 
preload pressure, 350 kPa for NC clay and 450 kPa for heavily OC clay. Afterward, the 
spudcan footing was immediately extracted followed by repenetration of skirted flat 
footing at a designated offset distance. Induced vertical, horizontal and bending moment 
forces are continuously recorded during skirted footing reinstallation. The undrained shear 
strength for NC clay and OC clay are presented in Section 3.6.2, with undrained shear 
strength profiles approximated by su = 2z kPa and su = 17z
0.55
 kPa, respectively, where z is 
the depth below mudline (Figure 3.8).   
5.3 Centrifuge Model Tests of Skirted Flat Footing in Normally Consolidated Clay 
Sign convention adopted in plotting the footings response follows the convention 
presented in Figure 4.1. Positive vertical (V) force indicates that the footing is resisting an 
upward reaction from soil. Positive horizontal (H) force indicates that the footing is 
resisting a lateral force towards the footprint. Positive bending moment (M) indicates that 
the footing is resisting clockwise moment rotating towards the footprint. All the VHM 
graphs are plotted with Load Reference Point (LRP) as penetration depth, zLRP. Note that 
the distance between the spudcan footing LRP and the spudcan spigot tip is 1.69 m and 
between the skirted flat footing LRP and the skirt tip is 2.50 m (see Figure 3.3). For easy 
reference, the sign convention and geometry for both footings are presented in Figure 5.1. 
Comparison between the reinstallation responses using skirted flat footing with that of 
spudcan footing is shown in Figures 5.2 to 5.5. The offset distances considered in this 
series of centrifuge tests were 0.25D to 1.0D (see Table 3.8). 
5.3.1 Reinstallation at 0.25D Offset 
Figure 5.2 presents the comparison of VHM responses for reinstallation using skirted flat 
footing and spudcan footing at 0.25D offset. Owing to soil remoulding, it can be seen from 
vertical pressure plot that the skirted footing only gained a noticeable amount of resistance 
after a penetration of about 1.2 m depth. Similar trend is also observed for spudcan 
footing. With further penetration, the bearing capacity increased for both footings. The 
skirted footing however has a higher bearing capacity than that of spudcan footing. The 
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target preload pressure of 350 kPa for both skirt and spudcan were achieved at re-
installation depth of 14.7 m and 18.1 m, respectively, measured with respect to LRP. The 
skirt underneath the footing provides additional shaft resistance hence resulting in higher 
rate of bearing capacity increment. Because of this, the skirted footing also shows stiffer 
response as depicted in the plot. Finally, as expected, the skirt footing penetrated shallower 
than the first installation depth (16.6 m), implying that the skirt footing partially rested on 
remoulded soil zone. 
The notion that skirted footing can minimise spudcan-footprint interaction is not observed 
from the experimental results. It can be seen from the H and M plots that the induced 
horizontal force and bending moment for skirted footing are generally comparable in 
magnitude and trend with that of spudcan footing. In fact, at the beginning of penetration, 
the H profiles for skirted spudcan increased rapidly with a higher rate as the footing 
penetrated, reaching a maximum H force at 12.7 m depth. The peak H force of skirted 
footing is slightly larger than that of the spudcan footing (by about 10%), with the later 
achieving its maximum H force at a greater penetration depth of 16.5 m.  
The profiles of load inclination () and dimensionless eccentricity (e/D) are given in the 
bottom graphs of Figure 5.2. It can be seen that the skirted footing has a smaller inclination 
angle and loading eccentricity, partly because of the larger resistance deriving from the 
shaft of the skirt during initial installation. In both cases, the peak and e/D occurred 
when the footings (spudcan and skirt) were just in full contact with the seabed. As the 
footings penetrated further, the values of  and e/D reduced progressively to a steady state 
value but not zero. This implies that the footings still experienced soil shear strength 
heterogeneity along the depth of penetration. For the spudcan case, the profiles of  and 
e/D however approached zero after the spudcan penetrated deeper than the first penetration 
depth, signifying that the reinstalled spudcan has encountered stable zone where the effect 
of soil remoulding is negligible. 
5.3.2 Reinstallation at 0.50D Offset 
As presented in Figure 5.3, the VHM trends during reinstallation using skirted footing at 
0.50D offset are generally consistent with that of 0.25D offset presented in Figure 5.2. 
However, the horizontal force at this offset is generally comparable with that of spudcan. 
The maximum H force for skirted footing is 0.46 MN at 13.0 m penetration depth. On the 
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other hand, the maximum H force for spudcan footing is 0.57 MN at 13.7 m penetration 
depth, 20% larger than that of the skirted footing.  
The trend of M plot for both footings is identical from the beginning of penetration  to 8.7 
m depth. Shortly after this, the induced M force for skirted footing is larger than that of 
spudcan footing. The induced maximum M force for skirted footing is 11.9 MN.m 
occurring at 13.7 m penetration depth, 15% larger than that of spudcan footing, where 
Mmax is 10.3 MN.m at 15.5 m penetration depth. As the footings approaches the maximum 
depth of first installation, the H and M forces tend to reduce as can be seen from the 
change in the direction of forces. This is because the footings approached the virgin or 
stable ground. 
Referring to the  and e/D plots, the trend for both footings are also generally consistent 
with that of reinstallation responses at 0.25D. The peak values for  and e/D for skirted 
footing are smaller than that of spudcan footing.    
5.3.3 Reinstallation at 0.75D Offset 
The reinstallation responses using skirted footing and spudcan at 0.75D offset are 
compared in Figure 5.4. Similar to previous observations, the trends for VHM responses 
are generally consistent with that of 0.25D and 0.50D offsets. In both H and M plots, the 
induced forces for skirted footing are consistently slightly smaller (by a factor of about 10-
20%) than that of the spudcan footing. The conformity of induced forces on skirted footing 
with that of spudcan footing during reinstallation again suggests that skirted footing does 
not offer any significant advantage in alleviating spudcan-footprint interaction in normally 
consolidated clay.  
5.3.4 Reinstallation at 1.0D Offset 
Figure 5.5 compares the reinstallation responses for skirted and spudcan footings at 1.0D 
offset distance. It can be seen that the trends for vertical pressure and bending moment are 
generally consistent with that at 0.25D, 0.50D and 0.75D offsets. The horizontal force for 
skirted footing at 1.0D offset is however significantly amplified with Hmax about 2.5 times 
larger than that of spudcan footing. For both footings, the location of maximum H forces 
was about the same. As the footings approached the maximum depth of initial installation, 
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the induced H forces reduced with spudcan footing experiencing negative direction of 
force, implying that the spudcan footing tends to slide towards the footprint. At final 
penetration depth, the H force for skirted footing is still larger than that of spudcan footing. 
This amplification in H force for skirted footing is fairly consistent with findings from 
existing studies. For instance, Kong et al. (2013) conducted centrifuge tests for skirted 
footing reinstalled at 1.0D and 1.5D offsets from the ‘footprint’ in normally consolidated 
clay. In Kong’s experiment, the ‘footprint’ was an idealised crater formed by pre-cutting 
the seabed before the experiment. The shape of the crater generally followed the 
observation from centrifuge tests of actual footprint, as reported in Cassidy et al. (2009) 
and Gan (2009). The objective of Kong’s study by using pre-cutting footprint was to 
isolate the effect of soil shear strength heterogeneity during reinstallation (using spudcan 
or skirted); hence the effect of footprint geometry can be investigated in isolation. In these 
tests at two offsets, Kong et al. (2013) reported that the induced maximum horizontal 
forces were much larger than that of spudcan footing.  
In another study, Teh et al. (2006) reported a series of 1g tests using ‘Oxford’ VHM 
loading system involving spudcan and skirted footings installation close to sloping ground 
and footprint. They conducted tests in both sand and clay overlying sand. For the latter 
tests, they observed that the induced H force for skirted footing reinstalled close to sloping 
ground (not footprint) was larger than that of spudcan footing. During initial penetration, 
the skirted footing tends to slide away from the footprint; but as the footing penetrated 
deeper, it tends to slide towards the footprint with maximum H force at positive direction. 
It is not quite clear what causes the amplification of horizontal force at both 0.25D and 
1.0D offsets but not at 0.50D and 0.75D offsets. The amplification is however not 
observed for bending moment in all offsets. Furthermore, the amplification is only 
profound at 1.0D offset, the same as the experimental results observed by Kong et al. 
(2013). To further understand the failure mechanisms of skirted footing reinstalled near a 
‘footprint’, Kong (2012) conducted centrifuge experiments using PIV setup. From the PIV 
test results, it is still not  clear  on the reasons for this H force amplification. Kong (2012) 
however argued that this is probably due to unbalanced lateral earth pressure between two 
sides of the skirt. 
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Nevertheless, all test results for normally consolidated clay establish that skirted footing is 
ineffective for mitigating spudcan-footprint interaction because the induced H and M 
forces for skirted footing are generally comparable or even larger than that of spudcan 
footing. The moment the skirt compartment underneath the footing was completely filled 
with soil plug, the skirted footing would behave like a normal footing and hence the 
advantage of skirt diminishes.  
5.4 Centrifuge Model Tests of Skirted Flat Footing in Over Consolidated Clay 
Figures 5.6 to 5.8 show the comparison of reinstallation responses between skirted footing 
and spudcan footing in over consolidated (OC) clay. The offsets considered in this series 
of tests were 0.25D to 0.75D (see Table 3.8). 
5.4.1 Reinstallation at 0.25D Offset 
The VHM plots for reinstallation response using spudcan and skirted footings are 
compared in Figure 5.6. From vertical capacity plot, it can be seen that the increase in 
capacity for skirted footing was not appreciably large during initial depth of penetration up 
to 1.2 m as compared to that of spudcan footing. At this stage, only the shaft resistance 
from the skirt was mobilised while the spudcan may have already established full contact 
with the mudline. Giving the depth of the footprint crater of about 2 m, the rapid increase 
in capacity took place only after a penetration beyond 1.2 m depth. Presumably at this 
depth, the full contact between the largest bearing area of the skirted footing with the 
mudline took place. As expected, the rate of capacity increment in skirted footing is, larger 
than that of spudcan footing. To achieve the target preload reinstallation pressure of 450 
kPa, the skirted footing penetrated shallower at 4.8 m as compared to 7.3 m for spudcan. 
Nonetheless, both vertical capacity plots show significant effect of soil remoulding owing 
to previous spudcan activities. 
From horizontal force plot, it can be seen clearly that the induced horizontal force for 
skirted footing is significantly smaller than that of spudcan by a factor of about 65% when 
comparing the maximum force. It is established earlier from the series of reference tests 
for spudcan reinstalled in stiff clay that the footprint geometry is dominant because of 
early development in both peak H and M forces towards positive direction. This is due to 
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the shallow footprint depth and also the presence of stronger soil adjacent the footprint 
cavity in stiff clay.  
Development of peak horizontal force at the beginning of penetration is however not 
observed in the skirted footing. In fact, at the stage where the skirted LRP was just in touch 
with the seabed (that is when LRP = 0 m), the induced horizontal force was in negative 
direction, implying that the footing tends to slide away from the footprint. This response is 
because, at this point in time, the skirt had already first penetrated 2.5 m in the seabed so 
that passive lateral earth pressure was mobilised inside the skirt wall. This mobilisation of 
passive lateral earth pressure within the skirt prevented the footing from sliding towards 
the footprint. Furthermore, this appreciable lateral earth pressure can also be attributed to 
higher soil shear strength in stiff clay, but not so in soft clay. In soft NC clay, the lateral 
earth pressure within the skirt is negligible owing to low shear strength on the seabed 
surface. 
As the skirted footing penetrated further, there is an abrupt change in the direction of H 
force from negative direction moving away from the footprint to positive direction sliding 
towards the footprint. This abrupt change took place at about 1.2 – 1.3 m depth measured 
with respect to the footing LRP. At this point in time, the skirt had penetrated to about 3.7 
m with respect to the skirt tip. Correlating this depth to the vertical pressure plot, as 
explained earlier that there is a rapid increase in capacity at 1.2 m depth, it is postulated 
that the skirt compartment was completely filled with soil. Therefore, the skirted footing 
may behave like a normal footing. When the skirted footing penetration approached the 
final depth of first penetration, the induced H force is at steady state. Nonetheless, the 
induced H force is still significantly smaller than that of spudcan footing. 
Looking at the bending moment plot, the trend for both spudcan and skirted footings is 
comparable except that the bending moment for skirted footing developed earlier even 
before the LRP was in contact with the seabed. Again, this is because the skirt had already 
penetrated. There is no appreciable reduction in bending moment when skirted footing was 
used for reinstallation. The maximum bending moment for both footings are comparable 
and in positive direction rotating towards (clockwise) the footprint. 
Referring to the lower part of Figure 5.6, a comparison between the inclination angle and 
dimensionless eccentricity for both footings are illustrated. Because of smaller H and M 
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force at shallow penetration depth for skirted footing, the peaks  and e/D are also 
significantly smaller than that of spudcan. 
5.4.2 Reinstallation at 0.50D Offset 
Figure 5.7 compares the VHM response between the spudcan and skirted footing 
reinstalled at 0.5D offset distance. From the vertical pressure plot, it can be seen that the 
trends are generally consistent with those at 0.25D offset. The skirted footing initially 
shows a lower bearing capacity than that of spudcan. Only after a penetration depth of 
about 0.5 m, the skirted footing has a rapid increase in bearing capacity reaching the target 
preload pressure of 450 kPa at 4.8 m, similar to skirted footing reinstalled at 0.25D. 
The trend of H plot is also generally consistent with that of skirted footing reinstalled at 
0.25D offset distance. At shallow penetration up to 0.5 m depth, the induced H force on 
skirted footing is in negative direction. Beyond 0.5 m depth (or 3.0 m measured with 
respect to tip), the soil plug had probably filled the skirt compartment; therefore, there is 
again an abrupt change in the force direction from negative to positive. The H force 
continues to increase reaching its maximum horizontal force of 0.41 MN at 2.73 m. 
However, this maximum H force is still significantly smaller than that of spudcan footing 
by a factor of 50%. 
From the bending moment plot, it can be seen that at shallow penetration depth, the 
induced bending moment on the skirted footing after full contact started to increase rapidly 
though it is still significantly smaller compared to spudcan footing. The bending moment 
on the skirted footing however continued to increase as the footing penetrated further and 
reaching its maximum force at a comparable magnitude with that of spudcan footing even 
though the locations of the peak force were different.  
Consistent to the observation earlier at 0.25D offset, the  and e/D plots for skirted footing 
reinstalled at 0.50D are also smaller than that of spudcan footing. 
5.4.3 Reinstallation at 0.75D Offset 
Comparison of VHM response for spudcan footing and skirted at 0.75D offset is illustrated 
in Figure 5.8. The trends are again generally consistent with that of skirted footing 
reinstalled at 0.25D and 0.50D offsets. At shallow penetration up to 0.5 m, the vertical 
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capacity of skirted footing is smaller than that of spudcan. Beyond 0.5 m depth, the 
bearing capacity increased rapidly and reaching the target preload pressure at 4.6 m depth, 
compared to spudcan footing at 6.4 m depth. 
From the H plot, it can be seen that the induced horizontal force on the skirted footing is 
significantly smaller than that of spudcan footing. The maximum horizontal force on 
skirted footing is 0.22 MN while the spudcan footing is 0.86 MN, different by a factor of 
3.9. The bending moment plot for both footings shows that the trends are identical only up 
to about 0.5 m depth. Beyond this depth, both footings continue to show increment in 
bending moment but in different magnitudes, with skirted footing having smaller force 
compared to that of spudcan footing. The maximum bending moment for both skirted and 
spudcan footing are 8.5 MN.m and 11.7 MN.m, respectively. Similar to previous two 
cases, the inclination angle and dimensionless eccentricity for skirted footing is 
significantly smaller than that of spudcan footing. 
From the observations for skirted footing in heavily OC clay at 0.25D to 0.75D offsets, it 
can be established that skirted footing is effective in reducing induced horizontal force 
during reinstallation close to footprint. This is because of stronger soil at the mudline level 
that provides passive earth pressure inside the skirt. This lateral earth pressure inside the 
skirt prevents the footing to slide towards the footprint, hence resulting in smaller 
horizontal force. However, as the skirted footing penetrated deeper, the soil completely 
filled the skirt; therefore the induced horizontal force increased. The H force is however 
still smaller than that of spudcan footing. With smaller horizontal force acting on the 
skirted footing, it could be expected that the sliding towards the footprint is reduced. 
The induced bending moment for skirted footing is generally comparable with that of 
spudcan footing for all three offsets, implying that skirted footing is ineffective in reducing 
induced bending moment on the footing. While bending moment induced on footing would 
not contribute significantly to lateral sliding of jack-up unit, it can however cause severe 
distress to structural members of the jack-up leg, particularly excessive reading of Rack 
Phase Difference (RPD) during installation, as discussed in Section 2.4.6. 
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5.5 Efficacy of Skirted Footing as Mitigation Measure 
Table 5.1 summarises the peak forces (Hmax and Mmax) for all model tests conducted for 
this section. The induced peak forces with respect to offset distance are also presented in 
Figures 5.9 and 5.10 for NC and OC clays, respectively. 
Based on test results presented in this section, conclusion can be drawn that skirted footing 
is ineffective in mitigating spudcan-footprint interaction in soft clay. Provision of skirt 
around the footing periphery did not increase the footing capacity to resist induced 
horizontal force and bending moment while the footing re-penetrated close to existing 
footprint in NC clay. Although skirt footing increases foundation capacity and moment 
fixity during jack-up operation (Svano and Tjelta, 1993; Jostad and Andersen, 2006), the 
nature of jack-up operation is different. This is particularly so for jack-up installation close 
to the footprint where the external forces acting on the footing are mainly derived from 
problematic soil seabed. Therefore, the footing has to react against the induced forces 
while penetrating into the seabed.  
By adding skirt, it was expected that the skirt was able to provide additional capacity to 
resist the inclined and eccentric forces during jack-up reinstallation. However, model tests 
for NC clay presented in Figures 5.2 to 5.5 did not support the above postulation. With 
deep wall beneath the footing, passive earth soil pressure can be expected to develop, 
either from the soil plug against the inside wall of skirt at shallow penetration or from the 
soil against outside wall of skirt at deep penetration, as illustrated in Figure 5.11. The 
question now depends on the ability of soil to provide adequate passive resistance. In the 
case of soft clay, the passive soil resistance was insignificant. Not only that, the soil to the 
footprint side was even further remoulded by previous spudcan activities. Furthermore, as 
the skirted footing penetrated deeper with soil plug filling the skirt compartment, the skirt 
footing behaved like a normal shallow footing with deep wall. Therefore, test results do 
not show appreciably advantage of skirt footing for jack-up reinstallation in soft clay.  
Test results from Kong et al. (2013) as summarised in Table 5.2 also show the inefficiency 
of skirted footing to mitigate spudcan-footprint interaction. In fact, the induced horizontal 
force on skirted footing at 1.0D and 1.50D offsets were significantly larger than that of 
flat-base footing. Similar observation was noted from current experiment at 1.0D offset 
(Table 5.1). 
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Conversely, test results for heavily OC clay with stiff undrained shear strength at mudline 
show that skirted footing is moderately effective for mitigating spudcan-footprint 
interaction. As can be seen from Figures 5.6 to 5.8 and Table 5.1, the induced maximum 
horizontal forces were substantially reduced for the offsets considered in the experiment. 
Reduction in bending moment was not as significant as in horizontal force. Striking 
reduction in induced forces was observed at touch down level at which point the skirted 
largest area (LRP) just in touch with the soil seabed but the skirt had penetrated 2.5 m deep 
into the seabed. Therefore, the tendency for the footing to slide into the  footprint was 
partially restrained by mobilisation of passive earth soil pressure inside the skirt wall, as 
apparent from the H plots shown in Figures 5.6 to 5.8. This mechanism is illustrated in 
Figure 5.11. As a result, the net forces acting on the footing were reduced. This 
appreciable reduction has to be coupled with stiff soil on the mudline. Had the mudline 
soil being soft, this reduction would not be observed. Extrapolating the test results to jack-
up deformation during installation, it can be expected that skirted footing would minimise 
the amount of footing sliding towards the footprint.  
However, as the skirted footing penetrated further with the skirt compartment completely 
filled with soil, the induced horizontal force and bending moment started to increase as the 
skirted footing now behaved like a normal footing with deep wall. Consequently, the 
advantage of skirt gradually diminished with further penetration. It can therefore be 
concluded that skirted footing is still effective as long as the re-penetration depth or the 
existing footprint is relatively shallow. Increasing the length of skirt could be an option, 
however, it would create another problem of larger drag force during towing and also 
larger force required for extraction. 
In summary, test results show that skirted footing is ineffective to mitigate spudcan-
footprint interaction in soft clay, but is moderately effective in stiff clay provided that the 
re-penetration depth is shallow. Though the skirted footing is moderately effective in stiff 
clay, the drawback of the foundation is that it also increases the extraction capacity in the 
same way as in the compression capacity. Jack-up extraction can therefore become 
problematic, particularly as the soil regains strength with longer jack-up operational 
period. Comparing the efficacy of skirted footing with that of stomping technique 
presented in Chapter 4, it can be established that stomping is more effective.  
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5.6 Concluding Remarks 
This section presents the test results for jack-up reinstallation close to existing footprint in 
both soft (NC) clay and stiff (OC) clay using skirted flat footing. Skirted footing has 
attracted considerable attention as alternative improved foundation system for jack-up rig 
to increase foundation VHM capacity (moment fixity) during jack-up operation. 
Nonetheless, the nature of jack-up operation is different from jack-up installation. 
Recently, skirted footing has also been considered as mitigation measure in minimising 
rapid penetration in the case of punch-through risk. However, the provision of skirt around 
the footing periphery for alleviating spudcan-footing interaction problem was still 
questionable. 
Test results established that skirted footing was ineffective to mitigate spudcan-footing 
interaction in soft clay where deep footing penetration was involved. In such case, the soil 
plug quickly filled the skirt compartment; therefore, it behave like a normal footing with 
thick wall. The soil heterogeneity underneath the footing would control the reinstallation 
response with severe spudcan-footprint interaction taking place at greater penetration 
depth. Skirted footing was found to be unable in eliminating such situation. 
Skirted footing was however moderately effective in stiff clay where shallow penetration 
was involved. The induced horizontal force was substantially reduced, particularly at touch 
down level where footprint cavity (uneven seabed) dominates the interaction. It can 
therefore be inferred that the tendency for the footing to slide towards the existing footing 
could be as well reduced.  
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Max. Horizontal Force,  
Hmax (MN) 
Max. Bending Moment,  
Mmax (MN.m) 
Skirt  Spudcan Diff. Skirt  Spudcan Diff. 
NC Clay 
su = 2z kPa/m 
0.25D 0.51 0.43 +18.6 % 8.41 10.71 -21.5 % 
0.50D 0.47 0.57 -17.5 % 12.05 10.28 +17.2 % 
0.75D 0.22 0.29 -24.0 % 4.29 4.85 -11.5 % 




0.25D 0.16 0.48 -66.6 % 6.07 6.81 -10.8 % 
0.50D 0.42 0.62 -32.2 % 7.81 9.50 -17.8 % 
0.75D 0.22 0.88 -75.0 % 8.67 11.75 -26.2 % 
 





Max. Horizontal Force,  
Hmax (MN) 
Max. Bending Moment,  
Mmax (MN.m) 
Skirt  Flat-Base Diff. Skirt  Flat-Base Diff. 
TB-2D-10D 
su = 5+1.68z kPa/m 
1.0D 2.16 0.88 +145 % 11.47 11.91 -3.7 % 
TB-2D-15D 
su = 5+1.68z kPa/m 
1.5D 1.99 0.46 +332 % 3.68 3.80 -3.2 % 
* Test was conducted using flat base footing of 15 m prototype diameter in idealised ‘footprint’ crater, soil heterogeneity 
was not simulated  








Figure ‎5.1: Sign Convention Adopted for Spudcan Footing and Skirted Flat Footing  
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Figure ‎5.9: Comparison of Induced Peak Forces between Spudcan and Skirted Footings in 
NC Clay 






Figure ‎5.10: Comparison of Induced Peak Forces between Spudcan and Skirted Footings in 
OC Clay 
  





Figure ‎5.11: Mechanisms of Passive Soil Pressure Mobilisation at (a) Shallow Penetration 
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CHAPTER 6 EFFICACY OF REAMING AND INFILLING FOR 
MITIGATING SPUDCAN-FOOTPRINT INTERACTION 
6.1 Introduction 
Reaming or leg-working was reported to be the method most employed in mitigating 
spudcan-footprint interaction (Figure 1.6). Definition of reaming has been given in Section 
4.4 and the technique should be distinguished from stomping. However, as far as efficacy 
of reaming is concerned, there is very limited information in the public domain on the 
procedure of reaming. This section therefore presents a series of centrifuge tests 
investigating several strategies of reaming by varying the stroke of leg reciprocation. 
Although GM-Fugro (2003) reported that reaming is the preferred method in Gulf of 
Mexico and offshore India where soft clay predominantly characterises the seabed, the 
model test also examines reaming in stiff clay. This section also reports limited model tests 
for infilling as mitigation measure and spudcan-footprint interaction in sand.  
6.2 Reaming as Mitigation Measure 
Reaming or leg-working is defined as a technique that involves forcing the leg into 
position by incremental vertical reciprocation (downward and upward movements of the 
leg) to penetrate the spudcan at the required position (GM-Fugro, 2003). Similarly, BASS-
OTD (2005) also defined that reaming is a technique by which a spudcan is sequentially 
raised and lowered in the hole left by the previous rig in an attempt to wear away the side 
of the hole, thereby elongating the hole and creating a new hole centre location at the 
spacing of the legs of the new rig.  
Figure 6.1 illustrates the reaming procedure adopted in the present study. First, the 
spudcan is positioned close to the footprint (at target location) and penetrated to a certain 
depth, typically at shallow depth before noticeable sliding (or spudcan-footprint 
interaction) towards footprint taking place. Second, reaming is initiated at a particular 
depth by reciprocating the leg upward and downward at a certain amplitude (stroke) and 
number of cycles (frequency). Third, the spudcan is incrementally penetrated to further 
depth and again, leg reciprocation is performed. This process is continued until satisfactory 
spudcan installation to the depth of the target preloading pressure can be obtained. 
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The process of reaming will remould the soil significantly. If the technique is carried out at 
shallow depth near to mudline, uneven seabed can approximately be made even hence 
minimising the effect of footprint crater geometry. Despite its effectiveness reported in 
GM-Fugro (2003), it still remains unclear what should be the magnitude (stroke) of leg 
reciprocation and number of reaming cycle necessary. This section investigates the above 
mentioned issues by means of centrifuge model tests incorporating several strategies of 
reaming process. A summary of tests conducted for reaming is listed in Table 3.7. Results 
for reaming tests have also been presented elsewhere (Hartono et al., 2013, 2014). 
Table 3.7 reveals that the stroke of leg reciprocation started from large amplitude of 4 m of 
upward-downward spudcan movements. Progressively for subsequent tests, smaller stroke 
of 1 m was adopted. The efficacy of various stroke magnitudes can hence be studied. 
Furthermore, the number of cycles for leg reciprocation was kept at 2 cycles. From cyclic 
full-flow penetrometer tests (Figure 3.9), it was established that Kaolin clay degraded 
rapidly to about remoulded shear strength in 2-3 cycles. This response may not be the case 
for natural soil with inherent structure that requires more cycles for noticeable soil 
degradation. 
Two types of soils were investigated in the model tests, soft (NC) clay and stiff (OC) clay 
with undrained shear strength profiles as presented in Figure 3.8. Evaluation of 
effectiveness of reaming was performed by comparing the induced VHM forces of 
reaming test results with those results from generic reinstallation discussed in Chapter 4. 
Only one offset distance of 0.50D offset was investigated in this section which is 
considered to be the critical offset for spudcan-footprint interaction.  
6.2.1 Reaming in Soft Clay 
The test results for Reaming 1 to 4 are shown in Figures 6.2 to 6.5. Also show in the 
figures are the VHM forces for generic reinstallation shown in Figure 4.2. For tests 
Reaming 1 and 2, the incremental penetration for both tests were 4 m while the stroke (or 
amplitude) for leg reciprocation were 1 m and 4 m, respectively. For tests Reaming 3 and 
4, both the incremental and leg reciprocation stroke were 2 m and 1 m, respectively. In all 
tests, the number of cycles was kept at 2 because it was established that the number of 
cycles beyond 2 appears to be insignificant in enhancing the efficacy of the technique. This 
is due to the rapid degradation behaviour of reconstituted kaolin clay used in the tests. 
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From cyclic penetrometer tests, it was found that the soil degraded to about 95% of its 
remoulded shear strength after 2 – 3 cycles (Figure 3.9). 
The trend and the magnitude of the induced horizontal force and bending moment obtained 
from Reaming 1 and 2 tests are not far below those observed from the generic 
reinstallation test, see Figures 6.2 and 6.3. Such conformity of Reaming 1 and 2 results 
with that of generic reinstallation demonstrates that the reaming strategy with large stroke 
in leg reciprocation yields only marginal benefit. It can hence be deduced that these 
strategies are ineffective in reducing the induced H and M forces on the spudcan footing 
during reinstallation. 
Reaming 3 and 4 tests adopted small stroke of leg reciprocation. Owing to negligible 
benefit conducting reaming at the beginning of penetration as observed earlier, reaming 
was only initiated at about 10 m depth. As expected, the induced H and M forces along the 
first 10 m depth during spudcan reinstallation in Reaming 3 and 4 tests agree well with 
those of generic reinstallation test. It can be seen from Figure 6.4 that the responses of 
Reaming 3 are generally consistent with the previous two reaming tests, implying that the 
strategy also results in marginal benefit in reducing the H and M forces. However, as 
smaller amplitude (i.e., 1 m) of downward and upward movements of the spudcan was 
adopted in Reaming 4, the corresponding induced H and M forces reduce moderately. 
Summary of induced peak forces for all the tests is presented in Table 6.1. The normalised 
peak horizontal force (Hmax/Asu) and peak bending moment (Mmax/AsuD) for the generic 
tests are 0.27 and 0.43, respectively. These values are generally consistent with those 
reported by others at 0.5D offset distance from footprint centre (e.g., Stewart and Finnie, 
2001; Cassidy et al., 2009 and Gan, 2009). It is evident that Reaming 4 test yields the 
largest reduction in normalised peak horizontal force (40%) and peak bending moment 
(30%). 
Referring to the vertical pressure response for all the reaming tests, it can be seen that the 
soil underneath the spudcan was further remoulded, particularly for Reaming 4 test where 
the amplitude of leg reciprocation was small. As a result, in order to achieve the same 
target preload pressure of 350 kPa, the reinstalled spudcan during reaming required deeper 
penetration as compared to that of generic reinstallation. Considering the soil has been 
remoulded by reaming, it is postulated that the remoulded zone was limited only to the 
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depth at which the leg reciprocation took place. As evident from the trends of H and M 
forces, the forces increased rapidly again as the spudcan penetrated further. Overall, the 
shear strength heterogeneity around the footprint was still significant; therefore the 
spudcan-footprint interaction was moderately minimised in Reaming 4 test. 
6.2.2 Reaming in Stiff Clay 
Results of the reaming test in stiff clay (Reaming 5) are shown in Figure 6.6. The 
amplitude of leg reciprocation and incremental penetration used in Reaming 5 was 
identical with that of Reaming 4 test. The reaming was however initiated at the beginning 
of penetration. This is due to the dominant influence of footprint geometry in stiff clay as 
explained earlier. It can be seen that the induced horizontal force throughout the depth of 
repenetration for this reaming test is smaller as compared to that of generic test. The 
induced bending moment for reaming test is however comparable with that of generic test. 
The generic test results appear as the upper bound envelope, similar to that observed from 
Reaming 1 and 2 tests in soft clay. With significant reduction in the H force at the 
beginning of repenetration, it can be inferred that sliding towards the footprint could be 
reduced with reaming. 
The normalised peak horizontal force (Hmax/Asu) and bending moment (Mmax/AsuD) for 
generic reinstallation test are 0.31 and 0.59, respectively. The normalised peak horizontal 
force and bending moment for Reaming 5 test are 0.23 and 0.44, respectively. In other 
words, the induced peak H and M forces for reaming test are both 25% smaller than that of 
generic test. It is noted the reduction in the induced H and M in stiff clay is not as 
significant as that in soft clay. This is attributed to the high shear strength variation in stiff 
clay. Inside the footprint, the soil is probably fully remoulded but outside the footprint, the 
soil is less remoulded and exhibits closer to intact shear strength profile. The difference 
between the intact shear strength and remoulded shear strength in stiff clay is therefore 
larger than that of soft clay. 
6.2.3 Efficacy of Reaming as Mitigation Measure 
From above test results, it is evident that reaming is moderately effective in mitigating 
spudcan-footprint interaction provided that small stroke is used for leg-reciprocation. The 
method is also equally effective in stiff clay, particularly at the touch down level where 
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footprint crater dominates the interaction. The induced horizontal force was reduced quite 
considerably in both soft clay and stiff clay, but not so significant for bending moment. 
The reason for small stroke of leg reciprocation being more effective than large stroke is 
due to different mechanisms in remoulding the highly variable soil between these two 
strokes. With large stroke (for instance, tests Reaming 1 and 2), only the column of soil 
within the depth of leg reciprocation was remoulded but not the soil beyond the depth of 
leg reciprocation which still has profound soil heterogeneity. As evident from the induced 
VHM plots (Figures 6.2 and 6.3), the induced forces quickly resembled the generic 
reinstallation test. However, as small stroke was used (tests Reaming 4 and 5), the soil 
underneath the spudcan was remoulded locally hence partially eliminating the effect of soil 
heterogeneity in the case of soft clay and seabed depression in the case of stiff clay. 
Comparing the efficacy of reaming with stomping, it can be said that stomping is still the 
most effective mitigation measure for spudcan-footprint interaction, primary because of 
substantial soil remoulding caused by multiple stomping process. Nevertheless, the model 
tests for reaming have shed light into the efficacy of reaming, particularly on the 
magnitude of stroke in ensuring optimum results.  
6.3 Spudcan Reinstallation on Infilled Footprint 
Based on the survey conducted by GM-Fugro (2003), infilling technique also accounted 
for 11% among remediation strategies adopted. For this technique, imported materials like 
gravel or sand are dumped into the footprint crater with intention to create even seabed 
surface. GM-Fugro (2003) reported that footprint infilling with gravel has been used with 
success provided that the gravel infill is of similar strength and stiffness to the surrounding 
soil. Furthermore, it was also reported that footprints in sand have been observed to self-
infill due to sediment mobility caused by current once the jack-up unit has been removed. 
This section presents one test of centrifuge model on infilling in normally consolidated 
clay. Testing procedure is given in Section 3.5.2. Footprint was first created inflight. 
Afterwards, the centrifuge was spun down so that infilling can be performed manually by 
pouring sand into the footprint and surrounding area such that the footprint was completely 
infilled with sand, hence creating an even seabed. Fine sand material was used for infilling. 
The centrifuge was ramped up again to 100g and spudcan reinstallation was performed 
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inflight. Such testing procedure, spinning down and up, may change the stress history of 
the clay sample. Nonetheless, the short duration of about 20 minutes in model scale in 
performing this procedure may be insignificant as the centrifuge was ramped up again to 
100g. 
Figure 6.7 presents the comparison of VHM forces between jack-up reinstallation on 
infilled footprint and the generic case. Only one offset at 0.50D was investigated. It can be 
seen that infilling the footprint increased the bearing capacity of spudcan because of 
stronger material overlying soft clay. Target preload pressure of 350 kPa was attained at 
the same depth of initial installation at about 16.3 m measured from the spudcan LRP. The 
induced horizontal force approximately followed the same trend as generic reinstallation, 
with higher induced H for infilling test. The force increased gradually at shallow depth, 
reaching peak force at greater depth. This behaviour signifies that soil heterogeneity 
controlled deep penetration response. However, the induced bending moment during 
reinstallation into infilled footprint was practically negligible and evolved around zero 
value. Therefore, infilling the footprint in soft clay is effective in reducing bending 
moment but not horizontal force. 
The above observed H and M responses are not unusual. Infilling the footprint with 
imported material only affected the seabed surface, but not eliminating the effect of highly 
variable soil that still profound throughout the depth of reinstallation position. As a result, 
induced horizontal force is still substantial. But, the presence of stronger material 
underneath the spudcan footing prevents the spudcan to rotate clockwise towards the 
footprint, hence resulting in negligible bending moment. In short, limited study on infilling 
technique in soft clay suggests that the technique is ineffective as severe spudcan-footprint 
interaction is expected at greater penetration depths. Specifically, continued sliding of 
spudcan footing towards the footprint is expected. Further works are needed to investigate 
the efficacy of infilling in stiff clay and sand where shallow footing penetration is 
expected. 
6.4 Spudcan-Footprint Interaction in Sand 
Spudcan installation in sand typically involves shallow penetration with spudcan largest 
bearing area not in full contact with the seabed. Therefore, the footprint left by previous 
spudcan installation would be dominated by seabed depression rather than soil 
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heterogeneity. So far, very limited study has been conducted on spudcan-footprint in sand. 
Teh et al. (2006) reported a study of spudcan reinstallation in sand, but the tests were 
conducted at 1g, which may not simulate the highly stress dependent sand behaviour. The 
aim of this section is to perform centrifuge tests on spudcan-footprint in sand. Both dense 
and loose sand samples were investigated. 
6.4.1 Preparation of sand sample 
Sand samples were prepared by pluviating method using a semi-automatic sand raining 
machine (Figure 6.8) as described by Yeo et al. (2014) to enable a well-controlled pouring 
process. The machine consists of a rotating sand hopper that sits on a manual lifter. The 
sand hopper was moved at a pre-set speed using an electric motor. The height of sand fall 
was manually adjusted. The dimension of the sand hopper was made slightly smaller such 
that it could be lowered into the circular model container (refer to Section 3.4.1). A smaller 
or larger falling height would result in loose or dense sand samples, respectively. The 
apertures at the bottom of the hopper were arranged to achieve an even rate of sand 
pouring so that the rate of increase on sand model height was uniform over the entire 
surface. 
After reaching the desired sand thickness, the whole sample was then saturated following 
the process shown in Figure 6.9. First, the air in the sand sample was evacuated under a 
constant suction pressure of 150 mBar using a suction pump. Afterward, water was 
introduced from the base of the container. A layer of coarse sand of thickness about 20 cm 
covered with a sheet of geotextile was placed at the bottom of the container to serve as the 
drainage layer to aid the distribution of water at the base. The water enters the coarse sand 
layer via a drainage hole welded to the container. The flow rate of the container was 
controlled by a needle valve where the rate of column rise of water in the soil sample was 
maintained at 0.5 cm/hr to 1 cm/hr.  
Yeo (2012) conducted a study to measure the sand relative density against the drop height 
as shown in Figure 6.10.  Two heights of sand fall were used: 5 cm and 30 cm. The former 
shallow height was to produce very loose sand with relative density of about 50% and 
measured dry unit weight of 15.5 to 16.0 kN/m
3
. On the other hand, the latter height was to 
produce dense sand with relative density of 70-80% and measured dry unit weight of about 
17.0 to 17.5 kN/m
3
. It was deduced through correlation that the sand friction angle is 35
o
. 
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Yeo et al. (2014) also reported that the friction angle measured using direct shear test is 
37
o
 for the same sand sample.  
6.4.2 Test Results 
Figures 6.11 and 6.12 show the results of VHM spudcan footing reinstalled in dense sand 
and loose sand, respectively. For the first test, Figure 6.11 shows that owing to the use of 
displacement-controlled method, the initial load-penetration was not well controlled and 
the preload pressure far exceeded the target bearing of 450 kPa. For the second test on 
loose sand, better control was achieved by carefully adjusting the displacement-controlled 
system. Moreover, the test of loose sand was a challenge particularly in handling and 
transporting the sample to the centrifuge platform. Owing to low relative density, the sand 
sample can easily be disturbed by small perturbation; such as, when lifting the sample 
container and transporting it. As a matter of fact, sand densification also took place for this 
second test; and thus, the test result was discarded. To better handle the sample, a third 
sample was prepared at the centrifuge platform itself, therefore, avoiding the need for 
handling and transporting the sample. The third test on loose sand is reported herein and 
the results are shown in Figure 6.12.  
Whether it is loose or dense sand, the spudcan penetration was relatively shallow, as 
expected. Full contact with spudcan largest bearing area at 450 kPa was not established. 
The initial spudcan penetration was about 1.4 to 1.5 m (measured from spudcan tip). The 
induced horizontal force and bending moment during spudcan reinstallation at offsets 
0.25D to 0.75D were generally consistent for both samples. The largest forces occurred at 
0.25D offset and the least forces were at 0.75D. The induced horizontal forces were of 
comparable magnitude with that of spudcan reinstallation in clay. However, the induced 
bending moment in sand was much higher with a factor over four times. Therefore, it is 
expected that severe RPD problem would be observed when installing spudcan close to 
existing footprint in sand. 
Furthermore, it can be seen that seabed depression controlled the spudcan reinstallation 
behaviour in sand. The forces increased very rapidly even with only a small contact area 
was established at the beginning of repenetration. Stonor et al. (2004) reported an 
interesting case history of RPD monitoring during jack-up reinstallation in sloping ground 
of dense sand. To some extent, sloping ground can be said to resemble the geometry of 
Chapter 6 Efficacy of Reaming and Infilling for Mitigating Spudcan-Footprint Interaction 
6-9 
footprint crater. They reported that excessive RPD occurred during jack-up reinstallation 
in such condition.  
In dealing with spudcan-footprint interaction in sand, mitigation measure such as infilling 
is probably effective. As mentioned earlier, footprint geometry controlled the reinstallation 
behaviour. Therefore, by infilling the footprint with imported material, the effect of seabed 
depression can be eliminated.  Further investigation is required to understand this issue. 
6.5 Concluding Remarks 
A series of model tests investigating the efficacy of reaming as mitigation measure is 
presented. Leg reciprocation by penetrating and extracting spudcan at small stroke length 
of 1 m was found to be moderately effective in tackling the interaction with existing 
footprint. The method is found to be considerably effective in soft and stiff clay, with 
about 30-40% reductions in induced horizontal force and bending moment. Small stroke is 
necessary as to remould locally the underlying soil beneath spudcan; therefore, reducing 
the effect of soil heterogeneity. 
Limited model tests considering infilling technique was conducted in soft clay. Though 
significant reduction in induced bending moment was observed, it was found that infilling 
is not effective in reducing induced horizontal force. Infilling the footprint crater with 
imported material probably eliminates the effect of seabed depression, but not soil 
heterogeneity that controlling deep penetration response in soft clay. Further investigations 
are needed for infilling in stiff clay and sand where footprint geometry controls the 
response of spudcan reinstallation. 
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Table ‎6.1: Summary of Peak Forces for Reaming Tests 
Test 















 + Diff. 
(%) 
Generic 0.58 13.7 0.27 - 10.33 15.4 0.43 - 
Reaming 1 0.61 15.0 0.26 -3.8 9.08 15.7 0.37 -13.9 
Reaming 2 0.45 14.9 0.19 -29.6 8.70 15.3 0.36 -16.2 
Reaming 3 0.54 15.7 0.21 -22.2 9.60 15.7 0.39 -9.3 
Reaming 4 0.40 15.5 0.16 -40.7 7.84 16.6 0.30 -30.2 
* Measured from LRP 
+  Undisturbed su value at the LRP penetration depth where peak response occurred is used for normalisation 
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Figure ‎6.7: Response of Spudcan Footing Reinstalled on In-Filled Footprint at 0.50D Offset 
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Figure ‎6.10: Relationship between Drop Height and Relative Density (Yeo, 2012) 
  
Effect of turning speed and drop height
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CHAPTER 7 CONCLUSIONS 
7.1 Introduction 
Reinstallation of a jack-up unit close to existing footprints left by previous spudcan 
activities can be problematic. Instead of purely vertical loading during normal installation, 
the spudcan footing is subjected to eccentric and inclined loading arising from the 
combined effect of footprint geometry and soil shear strength variation below and in the 
vicinity of the footprint. From industry statistics recorded regarding foundation problems 
related to jack-up units, spudcan-footprint interaction is the second highest incident 
recorded after punch-through. Furthermore, the number of incidents related to spudcan-
footprint is increasing as compared to the declining trend of incidents related to punch-
through. This is attributed to popular deployment of jack-up units for offshore well 
intervention, hence increasing the number of spots of footprints. 
Previous studies conducted by both industry and academic primarily concerned with 
footprint avoidance by studying the induced horizontal force and bending moment on the 
spudcan at various positions away from the footprint. Several important characteristics to 
this problem were investigated: including critical offset distance, mapping of soil shear 
strength across footprint, geometry effect of footprint, leg bending stiffness and leg-hull 
connection. Nonetheless, the problem of spudcan-footprint interaction remains a challenge. 
Avoidance as specified by SNAME (2008) is often unattainable in practice due to 
geometry constraints in positioning the jack-up rigs with respect to the existing well head 
platform. Thus, there is a need to investigate effective mitigation measures in alleviating 
spudcan-footprint interaction problems. This study aims to provide rational guidelines in 
dealing with footprint issues so that risks associated with spudcan footprints could be 
minimised. 
Geotechnical centrifuge modelling was adopted to perform a large number of experiments. 
The first part of the study investigated the spudcan generic reinstallation response at 
various offsets in both normally consolidated clay and over consolidated clay. In the 
second part of the study, mitigation measures by means of seabed modification and footing 
modification were investigated. Seabed modification techniques such as stomping, 
reaming and infilling were studied and the effectiveness evaluated. 
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This chapter summarises key findings obtained from this research. Recommendations on 
effective mitigation measures for jack-up reinstallation close to existing footprint are 
provided. Limitations of centrifuge model tests are also acknowledged. Finally, 
suggestions for further research studies are presented.  
7.2 Conclusions 
Results from centrifuge tests on avoidance scenario are generally consistent with existing 
studies. Reinstallation of a jack-up spudcan at 1.5D offset or beyond yields negligible 
interaction with the footprint. Two mechanisms are observed. The soil shear strength 
variation beneath and around a footprint controls the behaviour of reinstalled spudcan in 
normally consolidated clay (soft clay). In contrast, footprint geometry governs the 
reinstalled spudcan in heavily over consolidated soil (stiff clay). In other words, to 
alleviate the spudcan footprint interaction, effective mitigation measures need to eliminate 
the above mentioned issues. 
The notion that skirted footing would be effective in mitigating spudcan-footprint 
interaction is not proven in soft clay. It is found that the induced horizontal force and 
bending moment for skirted flat footing are comparable with those of generic 
reinstallation. Any advantage of using skirted footing diminishes the moment the skirted 
compartment is completely filled with soil. Skirted footing is however found to be 
effective in reducing the induced horizontal force during reinstallation in stiff clay, 
particularly at the touch down level. However, the corresponding reduction in bending 
moment is not so significant. This indicates that sliding towards footprints could be 
minimised in stiff clay by using skirted footing. 
For model tests on stomping technique, the measure is very effective in alleviating 
spudcan-footprint interaction provided that the correct strategy is used. Depending on the 
target repenetration position, single or double stomping is recommended. Among the 
measures considered in this project, stomping is the most effective measure in both soft 
clay and stiff clay. Not only there is significant reduction in horizontal force, the technique 
also reduces induced bending moment significantly. Furthermore, it is recommended that 
stomping should be carried out with full preload on board such that the spudcan penetrates 
to the same level as the maximum depth of initial installation.  
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Based on limited centrifuge model test on infilling technique, it is found that the measure 
is only effective in reducing induced bending moment, but not horizontal force. This is 
because infilling a footprint with imported materials only eliminates the effect of footprint 
geometry but not the highly variable soil beneath and around the footprint. 
Results for reaming tests show that the technique is moderately effective in reducing the 
induced horizontal force in both soft clay and stiff clay, provided that small stroke of leg 
reciprocation is adopted. 
Spudcan-footprint interaction in sand was also investigated. Spudcan penetration in sand is 
usually shallow with full bearing contact rarely takes place. Footprint geometry therefore 
governs the spudcan reinstallation with large horizontal force and bending moment 
induced on the spudcan. 
7.3 Recommendations on Effective Mitigation Measure for Jack-Up Reinstallation 
SNAME (2008) and ISO (2012) recommended avoidance scenario in dealing with 
spudcan-footprint interaction. The guidelines suggest one diameter edge-to-edge distance 
between the spudcan and the footprint. Avoidance is simple and the most effective 
measure without putting the jack-unit at risk. Studies have shown that reinstalling a jack-
up rig at a centre-to-centre distance of more than 1.5D yields marginal spudcan-footprint 
interaction. However, as evident from the survey conducted by GM-Fugro (2003), 
avoidance is rarely attainable in the field due to geometry constraints and limited length of 
jack-up cantilever drilling rig to reach the existing well head platform when performing 
work-over. Other than avoidance, the industry guidelines are generally silent in 
recommending mitigation measures for spudcan-footprint interaction. 
GM-Fugro (2003) and Dier et al. (2004) recommended several mitigation measures that 
could potentially alleviate the adverse effects of footprint geometry and soil heterogeneity 
in spudcan-footprint interaction. Nevertheless, those recommendations are put forward 
without strong evidence of the efficacy of the measures. The findings from the present 
centrifuge model study provide rational recommendations in dealing with spudcan-
footprint interaction as outlined below. 
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STOMPING 
Stomping is the most effective method in eliminating the effects of footprint geometry 
(seabed depression) and soil heterogeneity that characterise a footprint. For stomping to be 
effective, it should be carried out using certain strategy. The following strategies are 
recommended for stomping technique: 
1. Stomping should be carried out with preload on board such that the spudcan is able 
to penetrate to the depth of initial installation. Preload should be carried out at least 
to 75% depth of initial installation. Otherwise, footprint geometry and soil 
heterogeneity would still influence the reinstallation response. 
 
2. For spudcan reinstallation in normally consolidated (NC) clay, single stomping is 
recommended. For target location at 0.25D and 0.50D offsets, the stomping should 
be carried out at offset distance of 1.25D. For reinstallation at 0.75D offset, 
stomping is recommended to be carried out at 1.50D offset such that symmetry 
between existing old footprint and new footprint is created.  
 
3. For spudcan reinstallation in heavily over consolidated (OC) clay, single stomping 
is recommended for reinstallation at 0.75D offset with stomping location at 1.50D 
offset. If the spudcan is to be reinstalled at either 0.25D or 0.50D offsets, double 
stomping is recommended with first stomping at 1.50D offset and second stomping 
at 0.75D offset. 
A summary of proposed stomping strategies is provided in Table 7.1. 
REAMING OR LEG WORKING 
1. For this study, reaming is defined as a technique that involves forcing the legs into 
position by incremental vertical reciprocation (downward and upward movements 
of the leg) to penetrate the spudcan(s) at the required position overlapping a 
footprint. This technique is found to be moderately effective in both soft clay and 
stiff clay.  
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2. It is recommended that leg reciprocation should be carried out with small 
amplitude of stroke and further incremental penetration depth. A stroke of 1 m is 
recommended.  
SKIRTED FOOTING 
1. Skirted footing is not recommended in soft clay where deep penetration usually 
takes place. Soil heterogeneity controls deep penetrating footing. The moment the 
skirted compartment is completely filled with soil plug, it behaves like a normal 
footing and is hence unable to tackle the effect of soil heterogeneity at greater 
depth. 
 
2. Skirted footing is moderately effective in stiff clay where shallow penetration is 
involved. The induced horizontal force is significantly reduced with skirted footing 
therefore footing sliding towards the footprint could reduce as well.  
 
3. Stomping or reaming is still preferred over skirted footing in dealing with spudcan-
footprint interaction in clay. 
Centrifuge model tests conducted for this project are limited to the immediate 
reinstallation scenario with no elapsed time allowed to take place between footprint 
formation and spudcan reinstallation. The spudcan was reinstalled immediately after the 
footprint was formed. From limited centrifuge model test with time effect, it is found that 
elapsed time has beneficiary effect because of strength gain with time for the remoulded 
soil within the footprint; therefore, the highly variable soil strength is slightly reduced. 
However, the effect of elapsed time requires more investigations on the efficacy of 
stomping. It is reported from the current experiments that spudcan footing during 
reinstallation tends to slide into a newly formed footprint created by stomping instead of 
moving towards an existing old footprint. 
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7.4 Future Research 
Relating Induced Forces with Rack Phase Difference (RPD) 
The current JIP focuses on several mitigation measures in alleviating spudcan-footprint 
interaction in both soft clay and stiff clay. It is found that the mitigation measures, such as 
stomping and reaming, considered in this project are effective provided that appropriate 
strategy is implemented. The induced horizontal force and bending moment caused by 
footprint geometry and soil shear strength heterogeneity during reinstallation can be easily 
measured in centrifuge and numerical modelling. The forces are however difficult to 
measure in jack-up rigs in the field.  
A common control adopted in practice is to measure the Rack-Phase Difference (RPD) 
during spudcan installation. RPD is a good indicator for leg chords distortion in the case of 
inclined and eccentric ground reaction acting on spudcan leg during spudcan penetration 
into the seabed. By preventing excessive PRD taking place, it is hoped that severe shear 
and bending distress to structural members of the jack-up leg can be avoided. It is however 
noted that the sensitivity of RPD for a particular jack-up unit is not only dictated by the 
spudcan-footprint interaction but also by the vulnerability of the jack-up unit, particularly 
the carrying capacity of the rig. For instance, a jack-up unit without fixation system (i.e., 
floating system) would typically have heavy and larger structural members. Therefore the 
carrying capacity of the legs is expected to be larger than that of a jack-up unit with 
fixation system (i.e., fixed system). The former system would therefore have low 
sensitivity to RPD as compared to the latter system. This should be taken into account as 
well when evaluating the vulnerability of a jack-up unit due to spudcan-footprint 
interaction. 
To do so quantitatively, and also of practical value to industry, a proper numerical 
modelling can be used to transform the induced H and M forces during spudcan 
reinstallation into RPD. By modelling spudcan footing together with actual configuration 
of chords and bracings system of the truss work leg and also assigning an appropriate 
fixity at both spudcan-leg connection and leg-hull connection, one can study the relation of 
H and M forces with RPD. Adopting such modelling, the lateral displacement for spudcan 
as well as the hull during reinstallation can also be investigated 
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Effect of Elapsed Time on Effectiveness of Mitigation Measures 
Another recommendation for further study is to investigate the effect of time in spudcan-
footprint interaction. It is undoubtedly that soil properties would change with time. As 
such, the recent remoulded soil within the footprint will gain strength over time. The 
current study is limited to immediate reinstallation after the footprint is first formed. The 
single test on time effect conducted in this study revealed that time is beneficial in 
reducing spudcan-footprint interaction. As such, further studies should be carried out to 
examine the time issue of spudcan-footprint interaction. 
Effect of Different Spudcan Diameter 
The Present study adopted the same spudcan diameter for footprint creation and 
reinstallation. In the field, a different jack-up rig with different spudcan diameter with that 
of previously deployed is often used for work-over. Therefore, it would be of practical 
interest if present study is extended to study the effect of different spudcan diameter 
between the initial installation and reinstallation or stomping. 
Development of Simple Prediction Method 
Spudcan-footprint interaction is a complex soil-structure interaction problem that involves 
a large number of parameters; particularly, seabed depression, soil heterogeneity and jack-
up structural properties. The subject is further complicated when taking into account 
mitigation measures. Attempts have been made using large deformation finite element 
analysis (Tho et al., 2012; Leung et al., 2014; Hartono et al., 2014) to validate a numerical 
model against centrifuge test results involving spudcan generic reinstallation and also 
mitigation measures. Comparison between the numerical prediction and model tests is 
generally promising for the numerical tool to be used for site-specific problem. However, 
the computational time and the complexity of the modelling are still demanding. 
Therefore, development of a simple prediction method to estimate the induced forces 
during generic reinstallation and during mitigation measure is of great practical interest to 
the industry.    
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Table ‎7.1: Recommendation for Stomping Strategy in both NC and OC Clay 
Soil Type Target Location Stomping Strategy 
OC Clay 
0.25D Double stomping: 1.50D and 0.75D 
0.50D Double stomping: 1.50D and 0.75D 
0.75D Single stomping: 1.50D 
1.00D Double stomping: 1.50D and 0.75D 
NC Clay 
0.25D Single stomping: 1.25D 
0.50D Single stomping: 1.25D 
0.75D Single stomping: 1.50D 
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APPENDIX A  
JIP Baseline Parameter for Spudcan-Footprint Interaction Study 
(After discussions at JIP first meeting held 15 Sep 2011) 
 
1. Spudcan diameter 
In the experiments, a 10-m spudcan will be modelled to minimise soil container 
boundary effect.  Earlier studies at NUS have shown that the results based on 10m, 
12m and 14m spudcans are comparable as long as they are properly normalized with 
respect to diameter/area. 
 
The numerical models for validation purpose will adopt the same spudcan 
configuration as that in the experiment.  At a later stage, it is feasible to model a larger 
spudcan if so decided by the JIP participants. 
 
2. Height of skirt for skirted spudcan 
Based on inputs from some of the JIP participants, the maximum practical skirt height 
is 0.25 spudcan diameter.  This diameter will be adopted to study the effectiveness of 
a skirted spudcan in mitigating spudcan footprint interaction.  If a skirted spudcan is 
found to be effective, a lower skirt height will be considered. The meeting agreed that 
the initial experiments should be on skirted footing with flat base. 
 
3. Water depth  
A mean water depth of 75m has been suggested at the kick-off meeting.  The issue of 
water depth has received considerable attention in the earlier GM-Fugro JIP.  In a 
survey carried out as part of the GM-Fugro studies, data contributors were asked to 
comment on whether or not they considered water depth to be a critical factor with 
regard to spudcan-footprint interaction.  The GM-Fugro team received a mixed 
response with no clear indication of whether spudcan-footprint interaction problem is 
more prevalent/severe in shallower (<20m) water as opposed to deeper water (>70m). 
 
It is our preliminary thought that the issue of water depth should not be considered 
independently but should instead be considered in relation to the structural rigidity of 
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the leg.  A stiffer leg in deeper water could well behave in a similar manner as a less 
stiff leg in shallower water.  This is also noted in 7.3.3 of the Phase 1 GM-Fugro JIP 
report.  However, in view of the highly non-linear spudcan-footprint interaction, it is 
proposed that numerical simulations be performed to investigate if the influence of 
water depth with the reference value being taken as 75m. Matthew suggested that the 
single leg should be studied first to identify the governing mechanism/parameters with 
the complex system behaviour. 
 
4. Leg flexural rigidity  
ABS noted that a 4-chord leg is now rare in recent design.  The focus will be on 3-
chord leg.  ABS has kindly provided typical moment of inertia (I) of 6-14m
4
 and Esteel 















5. Leg to spudcan connection 
A rigid connection between the truss leg and the spudcan is deemed reasonable.  
 
6. Offset distance between centre of footprint and centre of spudcan 
Based on earlier studies by Stewart and Finnie (2001), Cassidy et al. (2009) and Gan 
(2009), the critical offset distance ranges from 0.5 to 1.0 spudcan diameter.  It is 
proposed that the reference offset distance be set at 0.5 spudcan diameter following 
the findings by Cassidy et al. (2009) that the worst location for reinstallation is at this 
offset distance. 
 
7. Preload level 
Cassidy et al. (2009) noted that preload level influences the penetration depth and 
hence the shape of the footprint upon spudcan extraction.  This will have an effect on 
the spudcan-footprint interaction.  Gan (2009) shows that load inclination increases 
with increasing preload level while eccentricity appears to be less affected by preload 
level.   It is proposed that the reference preload level be set at 350 kPa for soft clay 
(soft clay may need to have higher strength gradient, this may not be possible in the 





8. Jack-up operation period – 1 to 3 months 
The minimum operation period that can be simulated in the centrifuge experiment is 3 
days for kaolin clay which is approximately equal to 90 days for typical marine clay.  
The reference operation period is set at 3 months. 
 
9. Time lapse for the revisit of jack-up – 1 to 6 years 
It is proposed that the reference time lapse between be revisit be set at 5 years in the 
first instant. From centrifuge model tests of Gan (2009), the results indicate that there 
is no clear trend as to whether short or long elapsed time between jack-up revisit is 
more critical in terms of the resulting H and M profiles.  It is proposed that the first 
few centrifuge tests focus on an elapsed time of 5 years based on the cv of typical 
marine clay.   
 
10. Soil properties 
Soft Clay 
The GM-Fugro study has adopted a uniform su of 15 kPa.   However, most soft clay 
sites consist of normally-consolidated clay with su increasing with depth.  Menzies and 
Roper (2008) has documented the soil properties for 13 Gulf of Mexico sites 
consisting of normally consolidated clay and slightly over-consolidated clays.  The 
strength gradient varies between 1.19 to 2.09 kPa/m.  For the Malaysia Kaolin clay 
used for the centrifuge experiments, the strength gradient at normally consolidation 
strength gradient at 100G is in the range of 1.6 to 2.0 kPa/m.  It is proposed that such 
soil profile be adopted as soft clay. 
 
Firm/Stiff Clay 
For the firm/stiff clay cases, the GM-Fugro study has adopted a uniform su of 50kPa.  
This value is considered reasonable and will be set as the target su for this study.  
Over-consolidated soil profiles with su=50+4.3z kPa where z is the depth has been 





Characterisation of NUS Kaolin Clay 
 
1. Comparison of test results for NUS kaolin clay  
Parameters Fugro NUS 
Unit weight,  (kN/m3) 16 16 
Liquid limit (%) 74 74 
Plastic limit (%) 43 35 
Internal friction angle,  (deg) 25 25 
Coeff. of compression, Cc 0.54 0.473 
Coeff. of swelling, Cs 0.11 0.114 
Coeff. of consolidation, Cv (m
2
/yr) 
45 (at 100 kPa) 
90 (at 600 kPa) 
20 (at 100 kPa) 
Coeff. of permeability (m/s) 
2 x 10
-9
 (100 kPa) 
7 x 10
-10








 = (-)/ 











































Axial Strain, a (%)






















Axial Strain, a (%)



























Principal Stress, ' (kPa)






















Principal Stress, ' (kPa)
CIU Triaxial – Sample 2
Mohr-Coulomb envelope
c’ = 11 kPa
’ = 25.7o
Mohr-Coulomb envelope











































Mean effective stress, s' (kPa)
Critical State Line
C = 23.2 (c’ = 11 kPa)
M = 1.01 (’ = 25.5o)
MIT Stress Path
































































k20 = 2.67 x 10
-9 m/s (sample 1)
k20 = 2.56 x 10
-9 m/s (sample 2)
k20 = 6.15 x 10
-10 m/s (sample 1)
k20 = 8.15 x 10
-10 m/s (sample 2)
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Pc = 112 kPa
Appendix-B 
B-5 
 
 
